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Abstract
Bacteria present unique opportunities to explore the molecular mechanisms of
nutrient acquisition processes at single cell level under various experimental conditions.
Caulobacter crescentus is a gram-negative oligotrophic environmental bacterium with
adaptive physiological responses, such as slow growth or complete arrest of cell cycle,
presence of sessile and motile progenies with the sessile cells growing stalk to enhance
nutrient uptake for growth in low-nutrient conditions. Details of plant polysaccharidederived carbon compound, such as cellobiose, maltose, and xylose utilization by C.
crescentus can be found but molecular details or mechanisms of polysaccharide utilization,
such as xylan, has not been reported. Database analyses indicate C. crescentus has a
repertoire of xylanases and carbohydrate-modifying enzymes, along with membrane
transporters for efficient breakdown and uptake of xylan. Growth and metabolic properties
of C. crescentus in M2 minimal medium containing xylan or xylo-oligosaccharides as the
sole carbon source was investigated in this work. Growth curves of C. crescentus in xylan
show typical phases as seen in other mono- and disaccharide carbon sources in similar
conditions but with significantly extended lag phase. Enzyme assays using p-nitrophenol
xylopyranoside and xylo-oligosaccharides substrates show high level expression of
periplasmic xylosidases on the second day of growth on xylan substrate coinciding with
the beginning of the log phase as well as possible membrane-bound xyloside hydrolases as
well as glucuronidase. Gene expression analysis of cells grown in xylan shows expression
of a select number of xylanases, suggesting induced expression of xylan deconstructing
genes. Chromatography (HPLC & TLC) and 1H-NMR based metabolomic analyses of the
extracellular medium combined with enzyme assay data suggest xylan binding onto the
bacterial surface and xylan fragment uptake across the outer membrane. Growth in the
presence of inhibitors that blocks transport across TonB-dependent receptor (TBDR)
suggest that TBDR may be involve in the transport of xylo-oligosaccharides across the
outer membrane. A comprehensive model emerges for xylan utilization by C. crescentus
that resembles components of previously proposed gut and environmental bacterial models
and further advances the molecular level understanding of xylan derived nutrient
acquisition in environmental bacteria.
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Chapter 1. Introduction
1.1 General Bacterial Polysaccharide Metabolism
The earth is considered a closed system with finite supply of elements vital to
organic life, like carbon, oxygen, nitrogen, hydrogen, sulfur and phosphorus; and bacteria,
with its ability to utilize and transform organic materials, are considered the key driver in
the recycling of these elements.1 There are autotrophic organisms, ones that can fix carbon
from carbon dioxide in the atmosphere through chemo- or photosynthetic means to produce
organic molecules, which are then converted back into carbon dioxide by autotrophs and
heterotrophs.2 Heterotrophic bacteria metabolize the rich source of carbon from microbial,
plant and animal biomass effectively through enzymes that can help break down very
diverse types of molecules: simple and complex carbohydrates, esters, biopolymers,
carboxylic acids and its derivatives, alcohols, amides, amino acids, amines, aromatic
compounds and phosphorylated compounds. Of the biomass source mentioned above,
carbohydrates account for around 75%, in which polymers like cellulose, xylan chitin,
starch and glycogen make up a major portion.3 Bacterial ability to metabolize these sources
varies, while many can degrade complex and long chain of polymers, other types like
Spirochetes and Cyanobacteria thrive by being opportunistic, taking the products from the
polymer degradation of other bacteria.4 Bacterial degradation can be proven to be useful
for the environment as they have been reported to be able to metabolize aromatic and
synthetic plastics.5,6
The carbohydrate polymers are classified into many types based on its electrical
charge, for example, the cationic charged chitin found in the exoskeleton of arthropods, the
anionic charged heparin from the mast cell of mammals and nonionic ones like starch and
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cellulose found in plants.7,8 They can be homogenous structures containing one type of
simpler unit or heterogenous, mixture of different structures, which will be covered in the
next section. Nevertheless, they are a diverse group of chemicals with both natural
functions and biomedical applications. For example, cellulose serves as structural
component for plants and can be used as food additives and producing papers. Chitin can
be harvested from arthropods to be used as tissue scaffolds.9 Understanding the natural
composition, structures, activities as well as how these compounds interact with organisms
in the environments and undergo transformation would prove useful understand their
impact on the environment and advance research for their application of these biopolymers.
1.2 Xylan
The plant cell wall is a complex protective exterior structure of cells that is
commonly divided into two types: primary and secondary cell walls. They have very
crucial functions in the survival of plants, such as: forming shapes and organs, intercellular
communication, and microbial interaction.10 The chemical make-up of these two structures
can vary; however, they have one common abundant ingredient: many kinds of complex
polysaccharides. Polysaccharides are polymers made up of monosaccharides bonded to one
another by glycosidic bond. They are classified into three main types: cellulose,
hemicelluloses and pectins.11 The primary chain monomers linked via glycosidic bonds in
these polymers are shown in Figure 1.1. Hemicelluloses contain different classes of
polysaccharides with distinct chemical features, such as: xyloglucans, xylans, gannans,
galactans and arabinans. They are structurally distinct from cellulose and pectins, of which
the former has an unbranched β(1→4)-linked backbone of glucan (i.e. polysaccharide
derived from D-glucose monomers) and the later has a α(1→4)-linked D-galacturonic acid,
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by having a branched β(1→4)-linked backbone of simple monosaccharides, including:
glucose, xylose and mannose.

Figure 1.1: Representative structure of primary monosaccharides linked via
glycosidic bonds in cellulose, hemicellulose and pectin.
Of all the different hemicelluloses present in the plant cell wall, xylan represent a
major component of up to 20% of the cell wall structure, second only to the abundance of
cellulose.12 Unlike the homogenous composition of cellulose polymer, xylan mostly exist
in plant cell wall as a heterogenous polysaccharide, minus a few exceptions such as red
seaweed.13,14 The linear β(1→4)-linked backbones are made up of monomer sugar xylose;
however, the variety of xylan structures stems from the different substituents that can be
seen on a xylan chain, namely: α-arabinose, α-glucuronic acid (or the 4-O-methylsubstituted version), and even aromatic substituents like ferulic acid, and acetate.13 A
representative structure of a substituted xylan polymer with these possible substituents is
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shown in Figure 1.2, where common substituents such as arabinose, glucuronic acid, ferulic
acid and acetyl group are linked to the carbon 3 and/or 5 (C3 and C5) of a xylopyranoside,
which is a six-membered ring of xylose monomer.

Figure 1.2: A representative structure of xylan showing a β(1→4)-linked backbone of
xylose residues with possible substituents attached via different bonds.
Xylan, along with other components of the plant cell wall, help the transport of
water in plants as well as keep the structure of the plants. It has been reported that mutant
plant species with deficiency of xylan component in the cell walls exhibit weaker stem
structure.15 The type and degree of substituents on the xylan backbone is specific to the
type of plant species. Glucuronoxylans are mostly found in hardwoods, herbs and woody
plants while arabinoxylans can be found in cereal grains.16 Some plants exhibit a high
amount of arabinose substituents, while others show higher amount of glucuronic acid.17–
20

Even though the exact functional features of these decorations to the plants remain

somewhat unclear, plant species seem to alter this composition depending on its stage of
development.21,22 Plants with cell walls lacking substitution have been shown to allow
10

hydrolysis or breaking down of plant cell walls into simple sugar monomers much easier,
implying a certain role of these substitution in keeping the plant’s structural integrity as
well as protection against invasive bacterial attack. Indeed, certain types of grass cell walls
have xylan backbone that is decorated with ester of ferulic acids. Although the degree and
position of the substituents may vary, it is hypothesized that these ferulic acid substituents
allow crosslinking of xylan with other components in the plant cell walls and make it more
durable to resist the action of both microbial and synthetic enzymes.23–26
As with other plant polysaccharides, xylan present a rich source of carbon for
microbial organisms and these organisms have developed an extensive biochemical system
to make use of this abundant carbon source for growth. Microorganisms thrive in different
environments, from natural water sources and soil to harsh conditions such as
gastrointestinal tracts of animals such as the human gut and cow rumen. Recent research
has unveiled the ability of different microorganisms to make use of carbohydrates,
including xylan, in water algae, grass, wood, and dietary fiber in mammals’ gastrointestinal
tracts.3,27,28 Interestingly, more evolved organism such as humans only have genes that
encode for enzymes to digest sucrose, lactose and starch. The fact that bacterial genomes
encode for enzymes that can hydrolyze structural polysaccharides like cellulose and xylan
in biomass makes bacteria an important part of the global recycling of carbons. Especially
in the case of xylan, a heteropolymer with varied structure depending on species, the
enzymatic repertoire of bacteria must have evolved to handle the variety and unique
structure that they encounter in their living environment. A representative scheme of such
enzymes and its site of chemical attacks on a xylan chain is shown in Figure 1.3. This
microbial enzyme-mediated xylan degradation property makes these organisms unique and
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presents opportunities to understand how these enzymatic systems work at molecular level
to further understand the basic science of bacterial polysaccharide utilization and exploit
for the improvement of human life and the environment.

Figure 1.3: Site of attacks on the xylan chain by endo-xylanase, β-xylosidase, αglucuronidase, arabinofuranosidase (or arabinosidase), and acetyl xylan esterase.29
1.3 Carbohydrate utilization system
As stated above, the bacterial communities have long evolved to be able to take
advantage of many existing polysaccharides with complex chemical structures in the nature
to derive energy and carbon compound. It has been reported that polysaccharides from
plant cell wall can have half-lives of up to 20 million years thus the rate of hydrolytic
degradation of polysaccharides would be extremely slow.30 The presence of enzymes from
bacteria could increase the rate of polysaccharide hydrolysis by a magnitude of 1017 thus
greatly increase the polysaccharide degradation efficiency and making it a powerful tool
of nature.30
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Carbohydrate degrading enzymes are systematically arranged into different classes
based on its genetic origins, structural motifs and biochemical functions by Bernard
Henrissat and the database is identified as Carbohydrate Active enZYmes (CAZy:
http://www.cazy.org/) database.31 According to this database, there are 165 families of
glycoside hydrolases (GHs), 103 families of glycosyltransferases (GTs), 38 families of
polysaccharide lyases (PLs) and 16 families of carbohydrate esterases as of 2019. Also,
currently 81 families of carbohydrate-binding modules (CBMs) are classified. CAZy
database catalogs above stated families of enzymes from 14,558 bacterial species including
the environmental isolate Caulobacter crescentus CB15 and the laboratory experimental
strain Caulobacter crescentus NA1000 (CB15N).
A characteristic feature of carbohydrate utilizing system in many gram-negative
bacteria like C. crescentus is the presence of Polysaccharide Utilization Loci, or PULs. The
uniqueness of each PUL is, firstly, the encompassing collection of all the proteins that are
needed to coordinately work together to break down a complex polysaccharide or
oligosaccharide. These proteins range from the surface proteins that bind polysaccharide,
TonB-dependent transporters (TBDTs) and the GHs system to carbohydrate sensors and
transcriptional regulators.32 Secondly, each PUL are encoded as clusters, in some cases,
operons. The first PUL system uncovered by researchers was the Starch Utilization System,
or Sus, by the human gut Bacteroidetes (Figure 1.4a).33 The Sus system has eight genes
that belong to one gene cluster, all of which encode for proteins on the outer-membrane
that recognize starch and initiate hydrolysis, hydrolytic-intermediate transporters, and
endo-glycosyl hydrolases, as well as transcriptional regulators.34,35 Of these genes, there
are two sequential genes susC and susD that encode for an outer-membrane TBDT and a
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cell-surface glycan-binding protein (SGBP).36 This initial discovery serves as the model to
describe other PUL systems by other bacteria, with universal and unique features were
detected for other Bacteroidetes and Xanthomonas spp; for example, the xylan utilization
system found in cow rumen bacteria Prevotella bryantii (Figure 1.4b)37 and the xylan
utilization in plant pathogen Xanthomonas campestris pv campestris(Figure 1.4c) .29
Other gram-negative bacteria, including α-proteobacteria like C. crescentus, also
express similar clusters of genes. These clusters are slightly different than the Sus cluster
with the absence of a few genes, such as a homolog for susD gene, but nevertheless serving
the same function, which is to utilize complex carbohydrate.29,38 Bacteria can evolve to
have differently modified gene clusters to handle the complexity of polysaccharides in
carbon source, as shown in the case of the bacteria B. ovatus, which has two xylan-targeting
PULs named XylS and XylL. These two house different enzymes that could be used to
break down β-xylans from distinct plant sources with unique structure.39 Again, despite the
modified enzymes for specific substrate, the protein products of each PUL are still
comprised of members with clearly defined and similar functions, even if they might have
distinct amino acid sequences.40 While xylan-degrading genes in cow rumen bacteria were
all found clustered in one locus, the plant pathogen bacteria Xanthomonas campestris have
4 loci of gene involved in the breakdown of xylan substrate (Figure 1.4).29 Such plant
pathogen also lacks an outer membrane xylanase; it has been suggested that they secrete
their xylanase into the environment instead. With such difference in the modes of xylan
degradation among these bacterial species from unique nutritional environments, it is
intriguing to probe the polysaccharide utilization system in an environmental bacteria
living in a low nutrient environment for comparative analysis of mechanisms.
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Figure 1.4: The polysaccharide utilization systems and gene arrangements of bacteria in different environments. (a)
The starch utilization system in the human gut bacteria Bacteroides thetaiotaomicron,33 (b) The xylan utilization system
in the cow rumen bacteria Prevotella bryantii,37 and (c) The xylan utilization system in the plant pathogen Xanthomonas
campestris pv campestris.29

1.4 Glycosyl hydrolases
Bacterial hydrolase enzymes can impressively increase the hydrolytic breakdown
rate of polysaccharides.30 Glycosyl hydrolase enzymes catalyze the breaking of glycosidic
bond either through inversion or retention of the stereo-specificity of the anomeric carbon
as shown Figure 1.5. Xylan, for example, is a polymer of xylose monomers linked through
β(1→4) glycosidic bond (more specifically identified as xylosidic bond) can be hydrolyzed
by bacterial xylosidases resulting in xylose or xylo-oligosaccharide products that do not
retain the β anomeric configuration.

Figure 1.5. Mechanism of the hydrolytic cleavage of glycosidic bond by glycosyl
hydrolase enzymes through (a) retention of stereochemistry and (b) inversion of
stereochemistry.
In mechanism (a), carboxylic acid side chain on the enzyme is deprotonated making
it a good nucleophile, then it attacks the anomeric carbon at C1 to release a sugar monomer,
16

at the same time forming a sugar-enzyme intermediate. Then water comes in to substitute
the carboxylic acid and then deprotonate, which results in a retention of stereochemistry.
Path (b) shows a concerted mechanism with water attacking the anomeric carbon, while
the catalytic carboxylic residues work to activate water through deprotonation and
protonation of the oxygen on the anomeric carbon.41
Endo-1,4-β-xylanase, generally referred as xylanase, cleave the β-1,4-glycosidic
bond between the xyloses in the xylan backbone. They belong to GH families 5, 7, 8, 10,
11, and 43, of which the GH 10 and 11 families are the best-understood families.42 GH 10
and 11 families differ from one another by the amount of binding sites, also called subsites,
between the xylose residues and xylanase, with the former having four or five subsites
while the later having at least seven.41 These binding sites are generally known as
Carbohydrate Binding Modules (CBM). In general, CBM is defined as a sequence of 30 to
200 amino acids on the GH that bind to carbohydrates and they are classified into 43
different families according to the amino acid sequence, substrate specificity and structure.
CBMs influence on how the enzyme interact with the substrate by destabilizing the
substrate to make it more accessible to the enzyme active site.43
The position of substituents on the xylan chain also influence whether GH 10 or 11
would act on a xylan chain according to a study using O-Methyl glucuronoxylan and
arabinoxylan.44,45 GH 10 family can bind to the xylan backbone near a substituted residue
while GH 11 would have to bind further from this position (Figure 1.6) , which influences
the type of products that results from the enzymatic reaction of these xylanases and further
dictates other enzyme/protein function within the bacterial cells.41
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Figure 1.6: Subsites and the different products of (a) GH10 and (b) GH11 enzyme
activities.41
The 1,4-β-xylosidase, or β-xylosidase, can catalyze the reaction that cleaves the
xylose monomer at the non-reducing end of xylan. This enzyme belongs to five GH
families, namely GH 3, 39, 43, 52 and 54, of which the two GH 3 and 43 have been studied
extensively.41 Their active sites are shallow, allowing the remaining of a longer-than-three
xylose monomers to float outside. According to literature, β-xylosidase’s active site binds
onto two xylose monomers at a time, and the glycosidic bond is broken between these two
monomers.
Other enzymes that play a role in the degradation of xylan is α-Larabinofuranosidase and α-glucuronidase. The former removes arabinose substituent from
the xylan backbone. They could be grouped into four GH families: 43, 51, 54 and 62 and
might express great variety in functions and substrate specificity due to the fact that
arabinoxylan can have xylose residues that are mono- or di- substituted with arabinose.41
Alpha-glucuronidase is unique in that it can only cleave the O-methyl glucuronic acid
18

substituted on a xylose residue that is attached to the terminal non-reducing end of the xylooligosaccharides due to its specific binding site.46,47 Due to the presence of acetyl groups
and ferulic acid substituents, bacteria also express carbohydrate esterase enzymes to
specifically break this type of bond.
1.5 Caulobacter crescentus
The Caulobacter bacteria were first defined as a genus in 1935. Caulobacter
crescentus are gram-negative with a vibrioid crescented rod-like shape and at certain stage
of development they can grow stalks from one end of the body to attach to a surface (Figure
1.7).48 They have been observed in fresh water, seawater, soil and even in the intestinal
tract of arthropods. They belong to the class α-proteobacteria, which are oligotrophic or
has the ability to survive in a low-nutrient environment.49 C. crescentus divides
asymmetrically, with the stalked mother cell initiate chromosome replication and cell
division (Figure 1.7). Once divided, it produces two asymmetrical daughter cells, one
called sessile with a stalk that sticks to solid surface, which has been shown to enhance the
nutrient uptake of the cells.50 The other daughter cell is a swarmer cell armed with one
flagellum and pili to aid in motility in aquatic environment. This enable the swarmer
daughter cell to find new nutrient source in the environment, and at the same time, the
flagellum would slowly disintegrate to be replaced by a stalk before the start of cell
division. This unique feature, coupled with a relatively simple genome of about 4000 genes
makes C. crescentus a suitable model organism to study cell cycle and cell differentiation.51
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Figure 1.7: Asymmetric division of C. crescentus stalked cell into a stalked cell and a
swarmer cell52
Analysis of C. crescentus’ genome shows 43 GH enzymes belonging to 28 GH
families, 39 glycosyl transferase (GT) enzymes belonging to 11 GT families and 19
carbohydrate esterase (CE) enzymes belonging to 5 CE families, as well as 67 TonBDependent Receptors (TBDRs).53 GTs allow addition of glycosyl to a phosphate through
glycosidic bond, while CEs catalyze the diacylation reaction of substituents on the sugar.
A list of xylan degrading enzymes found in C. crescentus (CB15) genome is given in Table
1.1.
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Table 1.1: List of genes those codes for xylan-degrading enzymes in C. crescentus.
Gene
CC_0771
CC_0813
CC_0989
CC_1422
CC_2802
CC_2803
CC_2811
CC_2153
CC_2357
CC_3042
CC_3054

Family: Enzyme
CE 10: Esterase
GH 43: Xylosidase
GH 43: Xylan 1,4-beta-xylosidase
GH 51: Alpha-L-arabinofuranosidase
GH 43: Xylosidase/arabinosidase
GH 10: Xylanase
GH 67: Alpha-glucuronidase
CE 4: Polysaccharide deacetylase
GH 39: Beta-xylosidase
GH 10: Endo-1,4-beta-xylanase
GH 3: Xylosidase/arabinosidase

TBDRs are specific receptor protein complex located on the outer membrane of
gram-negative bacteria (Figure 1.8). They allow transportation of larger molecules, like
vitamin B12 and iron siderophore, that cannot diffuse through porin channels.54
Modulation between the TonB-box motif and the outer membrane transporter allows
uptake across the outer membrane.55 The N-terminal of TonB receptor also interacts with
sigma regulator to control gene expression in bacteria. TonB proteins have two accessory
proteins attached to the cytoplasmic membrane called ExbB and ExbD that drive the
function of TonB through proton motive force (PMF).103 This force drives the energy
transduction of uncharged TonB to charged TonB with the help of ExbB and ExbD proteins
attached to the cytoplasmic membrane. The charged TonB dissociates from the complex
and travel to the outer-membrane and allow for transportation of large molecules through
the outer-membrane.54
Some TBDRs are found to be on operons with xylan utilization enzymes in PULlike loci that are termed carbohydrate utilization loci.56 TBDRs are important for bacteria
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to import carbohydrates, and have been shown to facilitate transportation of lactose,
sucrose and maltose through the outer membrane of C. crescentus.38,56,57

Figure 1.8: (a) General components103 and (b) mechanism of action and the genetic
regulation of TonB dependent receptor system that is involved in iron import.55
Translation, or production of proteins, is a complex process. In eukaryotes, this
happens in the cytosol then additional modification of proteins happens in the endoplasmic
reticulum. Proteins then need to be transported to the correct subcellular location for its
function, for example, the outer membrane, they do so by using unique targeting signal
sequences typically found in the N-terminus of the protein that needs to be transported.
Two known transport pathways found in bacteria, archaea and plants are the Sec pathway
and the Tat pathway. The later stands for Twin-arginine translocation pathway, which
involves recognition of the Twin-arginine signal motif on a protein amino acid sequence.58
Both Sec and Tat pathways involve a peptide sequence that allows protein to be
translocated out of the cytoplasm. The only difference is the 3-dimensional structure of the
proteins that are transported in each pathway: Sec pathway translocate proteins across
membranes in their unfolded conformation whereupon they fold into the native structure,
whereas Tat pathway translocate proteins in their folded state.54 For C. crescentus, there
22

are 88 proteins with Tat signals in the sequence, and many of C. crescentus GHs have
shown Tat signals on its amino acid sequence. Understanding the control mechanism of
the Tat signals might be useful in understanding the xylan utilization system (XUS) system
of C. crescentus.59
1.6 Aim and Objectives
The specific aim of this study is to contribute to the knowledge of carbon compound
utilization by an oligotrophic bacterium. Exploration of the C. crescentus mediated xylan
utilization provides an ideal opportunity to uncover any unique molecular mechanisms that
evolved in this oligotrophic environmental bacterium as opposed to bacterial species found
in nutrient-rich environments.
The objective of this study is to uncover the xylan utilization mechanism and
identify the molecular components that are associated with this process in C. crescentus
using biochemical, metabolomic and genetic characterization methods. Genomic database
analyses allow prediction into C. crescentus’ capability to digest complex carbohydrates
including xylan using the characteristic XUS system of gram-negative α-proteobacteria.
To confirm this prediction and further explore the modalities of xylan utilization, growth
of C. crescentus in minimal media environment with xylan and xylan derivatives as the
sole carbon source will be carried out and analyzed using metabolomic and genomic and
biochemical techniques will be used to explore the details of xylan utilization.
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Chapter 2. Materials and Methods
2.1 Introduction
This chapter describes the investigation of xylan degradation properties of C.
crescentus using beechwood xylan. Beechwood xylan is an environmental substrate that is
widely used in related research regarding bacterial degradation of xylan due to its ease of
access.60–63 The experiments described here aim to reveal the enzymes, transporters and
carbohydrate binding module involved in the xylan degradation processes as well as to gain
insight into the gene expression and regulation to derive a xylan utilization model for C.
crescentus.
2.2 C. crescentus growth in xylan and xylo-oligosaccharide minimal culture
As indicated above in Chapter 1, the presence of necessary genes for the production
of proteins for sensing, capturing, deconstructing and transporting of xylan in C. crescentus
makes it possible that C. crescentus will be able to utilize xylan or xylo-oligosaccharides
as the sole carbon source for growth in a minimal media that supplies other essential
chemical components for growth. The growth is expected to follow a typical bacterial
growth progression pattern with four distinct phases: the lag phase, the log phase, the
stationary phase and the death phase with potential changes in the extents of each phase to
accommodate necessary metabolic changes to use xylan as a carbon source for energy and
material for cell division and growth.
2.2.1 C. crescentus strain
The wild type C. crescentus (CB15) strain (unmodified environmental strain) was
obtained from Dr. Sean Crosson’s laboratory of University of Chicago and used in all the
experiments reported here. The strain was grown in a peptone yeast extract (PYE) medium,
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then flash-frozen with DMSO at ratio of 9:1 using liquid nitrogen, and kept in -80 oC as
stock for all subsequent studies reported here.
2.2.2 Preparation of stock salts solution for minimal media
M2 salts media: Stock solution of 20x concentration was prepared by dissolving
13.856 g of Na2HPO4 (Fisher), 8.491 g of KH2PO4 (Fisher) and 7.958 g of NH4Cl (Fisher)
in 800 ml of de-ionized water to a final concentration of 6.1 mM Na2HPO4, 3.9 mM
KH2PO4 and 9.3 mM NH4Cl.90 The salts media was then autoclaved at 120 oC for 30 min
(Tuttnauer 2540 EP) and kept in 4 oC for later use.
Divalent metal ion media: Stock solution of 20x concentration was prepared by
dissolving 0.0813 g of MgCl2.6H2O (Fisher) and 0.0876 g of CaCl2.6H2O (Fisher) in 800
ml of de-ionized water to a final concentration of 0.5 mM MgCl2.6H2O and 0.5 mM
CaCl2.6H2O.90 The salts media was then autoclaved at 120 oC for 30 min (Tuttnauer 2540
EP) and kept in 4 oC for later use.
Iron sulfate solution: Stock solution of 20x concentration was prepared by
dissolving 0.0027 g of FeSO4.7H2O (Fisher) in 100 ml of de-ionized water then filtered
using 0.22-micron (Thermo Scientific) syringe filter into a sterile conical tube and kept in
4 oC for later use.
2.2.3 Preparation of peptone yeast extract broth and agar
Bulk culture of peptone yeast extract (PYE) broth was prepared using 2.000 g of
bacto-peptone (BDTM DifcoTM), 1 g of yeast extract (BDTM DifcoTM), 0.307 g of MgSO4
and 0.073 g of CaCl2. Dry reagents were dissolved in 1 L of de-ionized water by mixing
on a stir plate and then autoclaved at 120 oC for 30 min.
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For each 500 mL of PYE broth, 6.0 g of agar was added then autoclaved. The
melted agar/PYE was cooled down to approximately 60 oC before dispensing in petri plates
(60 x 16 mm) (Fisherbrand). Once the agar has solidified, the plates were stored at 4 oC for
later use.
2.2.4 C. crescentus growth in xylan minimal media culture
C. crescentus CB15 was grown from frozen DMSO stocks in PYE agar plates at 37
o

C overnight prior to xylan minimal media culture preparation.
Three wide-mouth 500 mL Erlenmeyer flasks were autoclaved. Under a sterilized

hood, 0.500 g of xylan from beechwood (Sigma-Aldrich), 12.50 ml of 20x M2 salts
solution, 11.25 ml of 20X DVM stock solution and 1.25 ml of iron sulfate stock solution
was added to each flask. One colony of C. crescentus from overnight PYE petri plate was
inoculated into each culture. Four other cultures were established: two negative control
cultures: (1) with minimal media salt and xylan but no C. crescentus, (2) with minimal
media salt and C. crescentus but no carbon source; and two positive control cultures:
glucose and xylose minimal media culture with C. crescentus.
C. crescentus growth on xylan was repeated using xylan minimal media that has
been autoclaved at 120 oC for 10 min as describe above to test the effect of autoclaving on
the xylan structure.
2.2.5 C. crescentus growth: optical density (OD) and colony forming unit methods
At specific growth time points, 1 ml of the bacterial media culture was collected
aseptically and measured for absorbance at 600 nm wavelength was measure using 1 mL
plastic cuvettes (Fisher) and a spectrophotometer (Shidmazu UV-3100).
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About 10 µl of each culture was collected and serially diluted using the minimal
salt media. The samples from first day and second day are diluted to a factor of 3 and 4
respectively. Samples from third fourth day are diluted to a factor of 5, and all dilutions
afterward are to factor of 6. The final dilution was streaked on a prepared PYE-agar petri
plate (Fisher 60 x 16 mm). The petri plates were placed in an incubator oven at 37 oC for
1 day before taken out to count the number of colonies formed on each plate.
2.2.6 C. crescentus growth in oligo-xylosaccharide minimal culture
A 1 ml culture of 0.1% (W/V) minimal culture of the following carbon sources: 22(4-O-Methyl-α-D-Glucuronyl)-xylotriose (OX3), 33-α-L-Arabinofuranosyl-xylotetraose
(AX4), xylotetraose (X4) and xylopentaose (X5) (Megazyme), were prepared (structures
of which shown in Figure 2.1). Each culture was inoculated with single colony of C.
crescentus that has been grown on a PYE agar plate overnight at 37 oC. The culture was
monitored at OD600 (Shidmazu UV-160).

Figure 2.1: Structures of 22-(4-O-Methyl-α-D-Glucuronyl)-xylotriose (OX3), 33-α-LArabinofuranosyl-xylotetraose (AX4), xylotetraose (X4) and xylopentaose (X5)
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2.3 Xylan breakdown by C. crescentus in the minimal media culture environment
In order to monitor the xylan breakdown products, high performance liquid
chromatography (HPLC), thin layer chromatography (TLC) and nuclear magnetic
resonance (NMR) techniques were used. HPLC and TLC might shed light on which small
intermediate fragments of xylan polymer that may form in the aqueous minimal media
environment, while NMR is expected to provide information on the overall structural
change in the xylan polymer and on any products formed.
2.3.1.1 HPLC standard solution preparation
A 0.002 g of xylan, xylose, arabinose, glucose and glucuronic acid was dissolved
respectively in separate 1 ml of HPLC grade water (Fisher). The solution was then filtered
through a 0.22 µm filter into a labeled HPLC vial. Samples were stored at 4 °C until
analysis with HPLC.
2.3.1.2 Bacterial culture sample preparation for HPLC
From each bacterial culture of interest, 1 mL of the culture at specific growth time
points was aseptically drawn into a 1.5 ml Eppendorf tube. The tubes were centrifuged at
10,000x g for 5 min (Beckman). The supernatant was collected and transferred into another
Eppendorf tube and placed in a boiling water bath for 5 min to inactivate any enzymes. The
supernatant was then collected into a syringe barrel fitted with a 0.22 µm syringe filter and
filtered into a labeled HPLC vial. Samples were stored at 4 °C until analysis with HPLC.
2.3.1.3 HPLC analysis of standards and samples
Samples were analyzed using HPLC (Hitachi Chromaster) fitted with dual pump
(5110), autosampler (5210) and a column oven (5319) was used. Two carbohydrate
analysis columns from Biorad: Aminex HPX 42C (300 x 7.8 mm, calcium form 25 µm
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particle) and Aminex HPX 87P (300 x 7.8 mm, lead form 9 µm particle); that operates at
pH of 5-9 were used. HPLC grade water (Fisher) was used as the sole solvent at a flow rate
of 0.3 ml per minute for separation on both columns. Injection volume for each run was 10
µl, and the HPLC column oven was kept at 75 °C. The detector used for xylan and other
sugar was Evaporative Light Scattering Detector (ELSD) (Teledyne SofTA 300S). The
detector operating temperature were set at 10 °C and 45 °C for the Spray Chamber and the
Drift Tube respectively as per the manufacturer’s recommendation for water mobile phase.
Baseline was set at 20 mV for a baseline reading of 5000 mV maximum. Gas pressure
connected to the ELSD was limited to 60 psi. Each run was 35 min long, and the HPLC
chromatogram data was extracted from the program computer and replotted using
Microsoft Excel.
2.3.2.1 Thin layer chromatography (TLC) sample prep
Of each HPLC sample, an aliquot of 50 µL was transferred into a 0.5 mL
microcentrifuge tube for TLC analysis. All TLC samples were stored at 4 °C until ready to
use.
2.3.2.2 Thin layer chromatography
The stationary phase (TLC plate) used was Silica Gel HLF 250µm (Analtech). The
mobile phase was 85:15 (v/v) acetonitrile to water. Using a micropipet, 1 µl of each sample
was transferred to the TLC plate and left dried. The plates were developed in the solvent
until the solvent front reached 4/5 of the plate’s height. The plates were then air-dried and
sprayed with freshly prepared 16 mM orcinol in 70% sulfuric acid (Sigma) inside a vented
fume hood. The plates were immediately placed in an oven at 70 °C for roughly 15 min to
visualize spots.66
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2.3.3.1 Preparation of standards for 1H-NMR
A 0.0012 grams of xylan, xylose, glucose, arabinose and glucuronic acid was
dissolved in separated 600 µl of 9:1 ratio of D2O to DMSO-d6 in a 1.5 mL microfuge tube.
The solution was transferred to individual 5 mm NMR tube and kept in 4 °C for 1H-NMR
sample collection. A quintet at 2.500 ppm from the DMSO-d6 serves as the reference peak.
2.3.3.2 Preparation of culture samples for 1H-NMR
From each bacterial culture of interest, 3 mL of the culture at specific growth time
point was drawn into 1.5 mL Eppendorf tube. The tubes were centrifuged at 10,000x g for
5 min (Beckman). The supernatant was collected and transferred into another Eppendorf
tube, then heated in a boiling water bath for 5 min to inactivate any enzymes. The
supernatant of each sample was transferred into a 6-well plate (pre-labeled). These plates
were dried in a 37 °C for one day to ensure that the samples are completely dried. The dried
samples were re-dissolved in 600 µl of 9:1 ratio of D2O to DMSO-d6. The solution was
then transferred into individual 5 mm NMR tube and kept in 4 °C for 1H-NMR sample
collection.
2.3.3.3 Collection of 1H-NMR spectra for the standards and the samples
NMR samples were collected using 400 MHz instrument (Bruker Avance FTNMR) with the following spectral and experimental parameters: 20.02 ppm sweep width
and 32 scans at 25 °C. All spectra were referenced using the DMSO-d6 quintet at 2.50 ppm.
More detailed experimental and spectral information can be found on the right of any NMR
spectrum and provided in the Appendix 1. (All data saved under EIU/NMR computer C:
Bruker/GRP folder).
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2.4.1 Bacterial enzyme collection and enzymatic reaction
Bacteria may express and translocate different sets of proteins to different
subcellular locations for successful and productive breakdown of xylan. In this study, three
different subcellular locations of interest, namely: extracellular media, the outer membrane,
the periplasm and the whole cell were used for enzyme assays.
2.4.1.1 Outer membrane protein fraction isolation
C. crescentus were grown in xylan minimal media culture. From selected growth
time points (0, 1, 2, 3, 4, 5, 6, 7 days), C. crescentus cell pellets (a total of three pellets
from separate cultures for each growth time point) were collected from the xylan culture
by centrifuge at 10,000x g for 10 min (Beckman Avanti J-30). Outer membrane fraction
isolation published previously was followed with suitable modifications.38 Cells were then
rinsed in a resuspension of 50 mM Tris-HCl buffer at pH 8.0 and centrifuged at 10,000x g
for 10 min. Supernatant was discarded and the cells were re-suspended in 15 ml 60 mM
Tris-HCl, 0.2 mM EDTA, pH 8.0. To the suspension, 0.5 ml of 4x protein stabilizing
cocktail (Thermo Scientific) and 150 μl of 1 mM PMSF in ethanol were added to inhibit
any proteolytic degradation of enzymes.64 Cells were sonicated with a sonic dismembrator
(Branson) to disrupt the membranes on ice. Cells were sonicated at 10 watts in cycles of 1
minute of sonication and 30 second of ice-cooling. This cycle was repeated for 5 times.
The cell debris was pelleted at 10,000x g for 25 min. To the supernatant that contains
membrane fragments, 10 mL of extraction buffer consisting of 50 mM Tris-HCl, 10 mM
MgCl2, and 2% triton X-100 was added and mixed briefly. The mixture was centrifuged
for 60 min at 38,000x g. The resulting pellet which contains outer-membrane protein
fraction was washed twice with 10 mL of sterile ice-cold water by transferring the water
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along the tube wall but not squirting directly into the pellet. The pellet which contains the
outer membrane portion was resuspended in 0.5 mL of 10 mM Tris-HCl buffer at pH 7.0
and kept in 4 °C for subsequent enzymatic reactions.
2.4.1.2 Periplasmic protein fraction isolation
Periplasmic protein isolation procedure was carried out as per the previously
described protocol.65 C. crescentus cells (a total of three cell pellets from separate cultures)
from selected growth time points (0, 1, 2, 3, 4, 5, 6, 7 days) were collected by centrifugation
at 10,000x g for 10 min. The resulting pellet was resuspended in 5 mL of 10 mM Tris-Cl
at pH 8.5. The mixture was centrifuged at 10,000x g for 10 min and the supernatant was
discarded. The cell pellet was resuspended in 1 mL of 10 mM Tris-Cl buffer at pH 8.5. To
this mixture, 500 µL chloroform was added and was vortexed briefly to mix. The reaction
was let to incubate at room temperature for about 15 min. Then, 1 mL of 10 mM Tris-Cl
buffer at pH 8.5 was added and mixed with the supernatant before centrifuged at 16,000x
g for 20 min. The aqueous supernatant layer on top which contains Tris-Cl buffer and
periplasmic proteins was collected and kept in 4 °C for subsequent enzymatic reactions.
2.4.1.3 Whole cell lysate protein fraction isolation
Whole cell lysate protein isolation procedure was carried out as per the previously
described protocol.64 C. crescentus cell pellets (total of three pellets from separated
cultures) from selected growth time points (0, 1, 2, 3, 4, 5, 6, 7 days) were collected by
centrifugation at 10,000x g for 10 min. The resulting pellet was resuspended in 50 mM
Tris-HCl buffer at pH 8.0 and washed twice before final resuspension in 1 ml of 10 mM
Tris-HCl buffer at pH 8.0. Cells were sonicated at 10 watts in cycles of 1 minute of
sonication and 30 second of ice-cooling, repeated for a total of 5 times. The product was
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centrifuged briefly for 1 minute at 10,000x g, then the clear supernatant was transferred to
individual Eppendorf tube and kept in 4 °C for subsequent enzymatic reactions.
2.4.1.4 Extracellular media protein fraction isolation
Three 50 ml of cell-free media were collected at select growth time points and
treated with 0.5 mL protease inhibitor cocktail (Sigma-Aldrich). The samples were
concentrated to roughly 3 mL using Amicon ultrafiltration cells fitted with 5000 kDa
molecular mass cut-off filters at 4 °C under nitrogen gas.
2.4.2.1 Bradford assay for total protein quantification
A serial dilution of bovine serum albumin (BSA) (Fisher) was prepared to make a
set of eight standard solutions with concentration ranging from 12.5 to 300 µg protein per
mL as per manufacturer’s instruction.74 A 2 mL of 1x Bradford dye reagent (Bio-Rad) was
added to eight separate test tube. To each test tube, 20 µL of each standard solution was
added. A blank standard was made using 20 µL of distilled water in place of the BSA. The
standard solutions were briefly vortexed and then incubated at room temperature for 5 min.
Within an hour from addition of Bradford reagent, the absorbance of each standard
solutions was measured at 595 nm using Agilent spectrophotometer. The absorbance value
was plotted against the BSA concentration of each standard to generate a calibration curve.
For the measurement of total protein in isolates, 20 µL of each sample was used to measure
the absorbance at 595 nm using 20 µL of 10 mM Tris-HCl buffer pH 8.0 as the blank. The
calibration curve generated was used to calculate the total protein concentration in each
sample.66
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2.4.2.2 β-xlycosidase enzyme assay using p-nitrophenyl-β-D-xylopyranoside as
substrate
A 5 mM p-nitrophenyl-β-D-xylopyranoside solution was prepared by dissolving
0.0678 g of p-nitrophenyl-β-D-xylopyranoside in 50 ml of acetate buffer (Fisher) pH 5.5
and kept in 4 °C prior to the experiment.64
All the reaction test tubes were kept in a 37 °C water bath prior to the actual
reaction. To each test tube, 730 µL of acetate buffer (Fisher) pH 5.5 and 250 µL of the
5mM p-nitrophenyl-β-D-xylopyranoside was added. 20 µL of each collected protein
sample was added to the reaction test tube and each test tube was incubated for 5 min at 37
°C. The reaction in each test tube was stopped by adding 1 ml of 0.2 M sodium hydroxide
solution. The solution mixture was measured for absorbance at 405 nm immediately after
addition of sodium hydroxide. A blank was prepared by using 20 µL of 10 mM Tris-HCl
buffer instead of the protein samples.
2.4.2.3 Enzyme assays using xylo-oligosaccharides as substrates
To prepare 0.2% (w/v) solutions of the following xylo-oligosaccharide substrates:
(4-O-Methyl-α-D-Glucuronyl)-xylotriose, arabinofuranosyl-xylotetraose, xylotetraose and
xylopentaose, each substrate was dissolved in 50 mM phosphate buffer pH 7.0. 20 µL of
each substrate solution was added to a 1.5 mL Eppendorf tube and kept in 37 °C water
bath. To each test tube, 2 µL of the different total protein fraction from 1, 4 or 7th day of
growth was added. The reaction was incubated in the water bath for 12 hours to ensure
complete breakdown of the substrates. The products of the reaction were resolved on silica
TLC plates using the same mobile phase and detection conditions described in section
2.2.2.2.
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2.5.1.1 RNA isolation
RNA isolation was carried out using TRIzol reagent (ThermoFisher) and the
bacterial RNA isolation protocol provided by the manufacture. C. crescentus cell pellets
were collected from 15 mL glucose and xylose growth cultures after 6 hours of growth;
and from xylan growth culture after 2 days of growth. To each pellet, a 0.75 mL of TRIzol
reagent was added and homogenized. The cells were incubated for 5 min to allow complete
dissociation of the nucleoproteins complex. Then 0.2 mL of chloroform (Sigma) was added
to each solution. The solution was centrifuged at 12,000x g at 4 °C for 25 min to separate
the solution into two phases: the upper aqueous phase and the lower red phenol-chloroform
phase. The aqueous phase, which contained RNA, was transferred to a new clean
Eppendorf tube. To precipitate the RNA, 0.5 mL of isopropanol was added to each sample
and let incubated for 10 min. The samples were then centrifuged for at 12,000x g at 4 °C
for 10 min to collect the RNA at the bottom of the tube. The supernatant was discarded. To
wash the RNA, 1 ml of 75% ethanol (Sigma) was added to the RNA pellet to resuspended.
The samples were vortexed briefly then centrifuged at 7,500x g at 4 °C for 5 min. The
supernatant was discarded, and the pellets were let air dried for 10 min. The pellets were
resuspended in 30 µL of RNase-free water with 0.1 mM EDTA (Sigma). The samples were
incubated in a 55 °C water bath for 10 min before subsequent reactions.
2.5.1.2 Reverse transcriptase polymerase chain reaction
The following protocol provided by the reagent manufacturer (Promega) was
followed. In a PCR tube, 2 µL of the RNA sample collected was mixed together with 1 µL
(containing 0.5 µg) of Random Hexamer Primer (Promega) and 2 µL of nuclease-free water
(Promega) to make a 5 µL mixture. The reaction mixture was heated in 70 °C heat block
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in a thermocycler (BioRad MiniJ) for 5 min before let chilled on ice. In another tube, 4.0
µL of GoScript 5X reaction buffer, 3 µL of MgCl2, 1 µL of PCR nucleotide mix, 1 µL of
GoScript reverse transcriptase and 5 µL of nuclease-free water (all reagents from Promega)
were added to make a total 15 µL reaction mixture. Two reaction mixtures were combined
in a pcr tube and mixed well by pipetting up and down. In a Thermocycler (BioRad), the
reaction was annealed in a heat block at 25 °C for 5 min, then extended at 42 °C for one
hour, and finally inactivated at 70 °C for 15 min. The cDNA products were kept at 4 °C
for subsequent amplification reactions.
2.5.1.3 Gene specific PCR
For a 25 µL reaction, a reaction mixture was prepared with 12.5 µL of GoTaq Green
Master Mix 2X (Promega), 2 µL of each designed upstream and downstream primers at 10
µM, 2 µL of the cDNA from the previous step and 5.5 µL of nuclease-free water. Two
negative controls were prepared by substituting nuclease-free water for the missing
components: cDNA (-) and primers (-). The reactions were carried out in a Thermocycler.
The first denaturation step was 2 min long at 95 °C. Then 35 amplification cycle followed
with 30 seconds of denaturation at 95 °C, then annealing at 55 °C for 1 min, extension for
1 min at 74 °C, and a final extension at 74 °C for 5 min.67 The products were kept at 4 °C
until analysis by agarose gel electrophoresis.
2.5.1.4 DNA electrophoresis
A 5X stock solution of Tris-borate-EDTA (TBE) was prepared by dissolving 27 g
of Tris base, 13.75 g of boric acid and 4.6525 g of EDTA disodium in 1 L of distilled water.
The 5X stock solution was diluted to 1X to prepare agarose gel and be used as running
buffer. Agarose gel was prepared at 2.5% concentration using 50 mL of 1X TBE buffer

36

combined with 0.5 µL of GelRed (Fisher). Two ladders were used: 50 base pairs and 100
base pairs (BioLab). Each well was loaded with 5 µL of the DNA sample. Gels were ran
at 110 V in 4 °C room for roughly 1.5 hours. After running, gels were visualized under UV
light.
2.6.1.1 C. crescentus growth in xylan and xylo-oligosaccharide minimal culture in
the presence of CCCP or TonB box pentapeptide
0.2% (w/v) M2 minimal media CB15 culture each of the following carbon sources:
xylose, xylan, (4-O-Methyl-α-D-Glucuronyl)-xylotriose, arabinofuranosyl-xylotetraose,
xylotetraose and xylopentaose were prepared as a control. The CCCP supplemented
cultures were prepared using the same carbon source concentrations with a final
concentration of 10 µM CCCP. The TonB peptide supplemented cultures were prepared to
a final concentration of 100 µg/mL of TonB box pentapeptide. The optical density of
controls, CCCP and TonB pentapeptide supplemented cultures were monitored using
absorbance at 600 nm wavelength for 8 days. Control culture of CB15 under same minimal
media conditions and concentrations of CCCP (10 µM) or TonB pentapeptide (100 µg/ml)
as the single carbon source was prepared and the growth was monitored for the same
period.
2.7 Structural composition study of xylan from beechwood using acid hydrolysis
Three replications were done for this study. To a 100 mL pressure tube (Ace Glass
tube #8648-88), 300 mg of xylan from beechwood (Sigma) was added after drying in an
oven. To each tube, 3 mL of 72% sulfuric acid (w/w) was added and mixed with a glass
rod for 1 hour. The solution was diluted to 4% by addition of 84 mL of filtered water. A
cap was screwed tightly to each tube, and the tubes were autoclaved for 1 hour, then all the
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tubes were moved to a 4 oC cold room overnight. The solutions were filtered using 0.22
µm and analyzed using HPLC, Aminex HPX-87P at 75 oC and 0.3 mL/minute flow of
water. The sugar content was detected by refractive index detector (ThermTest).
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Chapter 3: Results and Discussion
3.1 C. crescentus growth in M2 minimal salt medium supplemented with xylan or
xylo-oligosaccharides
M2 minimal media cultures were raised under standard sterile conditions with
single xylan-derived carbon source to investigate the growth patterns of CB15. Bacterial
growth can be monitored with optical density at 600 nm wavelength. Due to the source of
xylan from beechwood, xylan culture has a clear, but yellow tint color. Colony forming
unit technique was used in complement with OD600 measurements to confirm the growth
of C. crescentus in xylan minimal culture.
3.1.1 Non-autoclaved xylan minimal culture growth
C. crescentus (CB15) was grown in M2 minimal salt media culture supplemented
with 0.2% (w/v) of xylan from beechwood. Figure 3.1 is an overlay of growth curves by
plotting optical density (OD600) measurement as a function of growth time (in hours) for
bacteria culture grown in xylan, glucose, and two negative controls of the xylan culture:
one with CB15 without any carbon source and the other contained xylan but no CB15 cells.
The xylan culture was not autoclaved prior to the growth to avoid potential xylan
degradation at high temperature and pressure in the autoclave (~120 C, 15 psi) in the
presence of salts. The cultures were monitored over a period of 8 days. All data points for
the xylan growth curve are the mean value of three independent biological growths.
The negative control cultures were kept under the same conditions as the test
growth culture. No growth was observed in both negative controls, indicating the absence
of growth of any other microorganisms originating from the xylan or through crosscontamination. All cultures with xylan started out with slightly higher absorbance value
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than the glucose control culture due to the characteristic color of the xylan from beechwood
source.
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Figure 3.1: C. crescentus growth in non-autoclaved xylan but otherwise sterile media.
Growth time-dependent OD600 measurements of C. crescentus cultures in M2 minimal
media supplemented with 0.2% (w/v) of xylan or 0.2% (w/v) glucose.
The high absorbance value of the xylan cultures was observed to decrease
from 0 hour to 6 hours, suggesting either a change in the physical nature of the xylan
leading into a lesser turbid condition or the preliminary interaction between C. crescentus
and xylan leading into a chemical/structural change in xylan. However, decrease in OD600
even in the case where no C. crescentus was absent suggest more of a physical change.
The starting point for xylan growth curve was much higher than the glucose growth curve,
with a difference of about 0.7 absorbance unit. Only the C. crescentus cultures in the
presence of xylan or glucose carbon source showed significant increase over time and
followed a signature bacterial growth curve with lag phase, log phase, stationary phase and
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death phase. The lag phase of the xylan cultures, which was about 72 hours, or 3 days, was
significantly longer than the lag phase of growth in glucose. Growth in glucose achieved a
higher maximum OD600 measurement (at ~ 40 hours) than the growth in xylan.
Plating technique was used to confirm the bacterial growth in xylan and glucose
carbon source and not in the negative controls as well as to confirm absence of growth of
any other bacterial species under these conditions (Figure 3.2). Presence of single type of
colony (morphological observation) was confirmed and the number of colonies formed on
PYE agar plates after incubation in 37 oC oven were counted and plotted as a function of
time. All data points for the xylan growth curve are the mean value of three independent
growth values.
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Figure 3.2: C. crescentus growth in non-autoclaved xylan. Time-dependent colony
forming units of C. crescentus in M2 minimal media cultures supplemented with 0.2%
(w/v) of xylan or 0.2% (w/v) glucose. Colony formation was tested on PYE/agar plates
at 37 C.
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The increase in number cells when C. crescentus was grown in xylan and glucose
confirmed the result of OD600 measurement. C. crescentus xylan growth curve using the
colony-counting unit was similar growth trend of the OD600 measurement based growth
curve. There was a reduction in the number of colonies formed when no carbon source was
supplemented to the bacteria, confirming the lack of contamination. Xylan growth curve
did not reach similar maximum as glucose growth curve and slower to reach its maximum,
similar to the result observed using OD600 measurement.

3.1.2 Autoclaved xylan minimal culture growth
Direct addition of non-autoclaved beechwood xylan to a sterile M2 minimal media
solution resulted in a slightly turbid as stated under Section 3.1.1 solution. Here, xylan was
autoclaved with water at 121 oC, 15 psi pressure prior to the addition of M2 minimal salt
components. Growth of C. crescentus in autoclaved xylan minimal media culture was
observed and compared with its growth in glucose and xylose using OD600 measurement.
A negative control cultures of C. crescentus without any carbon source, and one with xylan
carbon source but not any CB15 cells were prepared and incubated under the same
conditions. The growth curves are shown in Figure 3.3.
Comparison between the growth curves of C. crescentus growth in non-autoclaved
and autoclaved xylan minimal media cultures showed that OD600 measurement of
autoclaved xylan culture shows approximately 0.7 units of lower absorbance value than
non-autoclaved xylan culture.
CB15 growth in autoclaved xylan showed four distinct bacterial growth phases: lag
phase, log phase, stationary phase and death phase (Fig 3.3).68 The lag phase lasted for 3
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days and was significantly longer than the lag phase observed for glucose, which lasted
only for 6 hours (Table 3.1). Maximum OD600 measurement observed for the growth in
autoclaved xylan was similar (~ 1.3 OD units) to that of non-autoclaved xylan growth. It
was also lower than the maximum OD600 measurement recorded for the growth in glucose,
but higher than the growth in xylose. The negative controls showed no significant increase
in the OD600 measurement, confirming the lack of growth or contamination.
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Figure 3.3: C. crescentus growth in autoclaved xylan. Growth time-dependent OD600
measurements of C. crescentus cultures in M2 minimal media supplemented with
0.2% (w/v) of xylan or 0.2% (w/v) glucose and control cultures.
Plating technique was used to confirm the growth of C. crescentus in autoclaved
xylan minimal culture to ascertain that CB15 is the only species growing in the culture.
The maximum number of colonies formed when grown with autoclaved xylan was shown
to reach similar number of the bacterial colonies when grown in glucose. This is different
from what was observed for the number of colonies formed when bacteria were grown in
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Figure 3.4: C. crescentus growth in autoclaved xylan. Growth time-dependent colony
forming units of C. crescentus in M2 minimal media cultures supplemented with 0.2%
(w/v) of xylan or 0.2% (w/v) glucose. Colony formation was tested on PYE/agar plates
at 37 C.

Table 3.1: Optical density and growth time of C. crescentus in the presence of glucose,
xylose and xylan
Lag phase

Log phase

Max OD600

Glucose

6h

24 h

2.27

Xylose

6h

24 h

0.48

Xylan

72 h

24 h

1.16
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non-autoclaved xylan, where the number of colonies formed was slightly lower when
bacteria were grown in xylan (cf. Figures 3.2 and 3.4). There was no increase in the number
of colonies formed over time for the negative control that was inoculated with the bacteria
and no supplement of carbon source. All the plates showed colonies of same morphology
that resembled CB15 colonies grown on PYE as a control affirming the axenic nature of
the cultures.
3.1.3 Xylo-oligosaccharide minimal culture growth
To further understand the nature of xylo-oligosaccharide utilization by C.
crescentus, growth of C. crescentus in xylo-oligosaccharide M2 minimal media cultures
were monitored using OD600 measurement as described above. Figure 3.5 shows growth
curves in minimal media with of single xylo-oligosaccharide carbon shows the
characteristic features of typical bacterial growth in with four distinct phases, confirming
that C. crescentus successfully utilized all four different xylo-oligosaccharides as the
carbon source to support growth. Out of the four xylo-oligosaccharide cultures, the OX3
minimal culture was observed to have the longest lag phase of 24 hours, which far exceeded
the lag phase of the other three xylo-oligosaccharide substrates (Table 3.2). Xylopentaose
minimal culture has the second longest lag phase of 12 hours, followed by the AX4 and
xylotetraose with similar lab phase (6 hours). The two xylotetraose cultures showed higher
maximum OD600 measurement than the OX3 or xylopentaose cultures. Overall, all four
substrates were utilized by C. crescentus as the sole carbon source in a minimal nutrient
environment and each xylan derived carbon source leads to slightly different growth phases
of C. crescentus indicating potentially different rate or mechanism of carbon acquisition
involving different genes.
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Figure 3.5: C. crescentus growth in xylo-oligosaccharides. Time-dependent OD600 of
C. crescentus in M2 minimal media cultures supplemented with 0.1% (w/v) of 22-(4O-Methyl-α-D-Glucuronyl)-xylotriose (OX3), 33-α-L-Arabinofuranosyl-xylotetraose
(AX4), xylotetraose (X4) and xylopentaose (X5).

3.2 Metabolomic analysis of the extracellular xylan-supplemented growth media of
C. Crescentus
In order to understand the nature of xylan deconstruction and carbon compound
acquisition in M2 minimal media by C. crescentus metabolite analysis were conducted
using HPLC, TLC and 1H-NMR.
3.2.1 HPLC analysis of extracellular growth media
Prior to the analysis of extracellular media of CB15 growth cultures, standard
solutions of 0.2% (w/v) xylan, xylose, arabinose or glucuronic acid were first analyzed
with HPLC to measure the retention time of each compound and to optimize the analysis
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conditions. Running conditions used for the standards were subsequently used for the
analysis of growth samples.
Table 3.2: Growth profile of C. crescentus in 22-(4-O-Methyl-α-D-Glucuronyl)xylotriose, 33-α-L-Arabinofuranosyl-xylotetraose, xylotetraose and xylopentaose
carbon sources in M2 minimal media.
22-(4-OMethyl-α-DGlucuronyl)xylotriose
(OX3)

33-α-LArabinofuranosyl
-xylotetraose
(AX4)

Lag phase

24 h

6h

6h

12 h

Log phase

48 h

40 h

40 h

12 h

Max OD600

0.387

0.549

0.468

0.355

Xylotetraose Xylopentaose
(X4)
(X5)

As shown in Figure 3.6, the polymeric xylan has the shortest retention time of
around 10.2 min whereas, xylose and arabinose have a similar approximate retention times
of 24.9 and 26.5 min respectively, showing that longer chain carbohydrate elutes out of the
column earlier than shorter oligosaccharides and simpler monosaccharides. However,
glucuronic acid, being a monosaccharide, surprisingly elutes at 12.9 min closely after the
xylan (Table 3.2). Each sample shows only one significant peak at the retention times
reported above.
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Figure 3.6: HPLC chromatogram of standards of 0.2% (w/v) xylan, xylose, arabinose
and glucuronic acid in HPLC grade water. An Aminex HPX-42C was used with water
as mobile phase at 75 C and the eluted compounds were detected using an ELSD
device.

Table 3.3: Retention time of xylose, arabinose, glucuronic acid and xylan separated
through an Aminex HPX-42C column using water at 75 C.
Substrate

Retention
time

Xylan

10.2 min

Glucuronic Acid

12.9 min

Xylose

24.9 min

Arabinose

26.5 min
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As salts can be detected by ELSD, the components of the culture media were
analyzed using the same HPLC running condition stated above, and the chromatogram is
shown in Figure 3.7.69
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Figure 3.7: HPLC chromatograms of three salt media components used for CB15
growth: M2 salt, DVM salt and FeSO4. Same Aminex HPX-42C column used for
standard xylan and xylan derivatives was used with water as mobile phase at 75 C.
All the components were detected with ELSD using the same detection parameters
used for the standards.
HPLC analysis of minimal salt components at the same concentration used for the
culture growth showed two distinct peaks from the M2 salt components. These two
prominent peaks showed up at 11.2 and 13.6 min on the chromatogram. The DVM
component gave rise to a smaller peak that eluted at around 10.7 min. However, this peak
is relatively small and in the presence of all three salt components, this peak would be
under the 11.2 minute peak of the M2 salt component. The FeSO4 component does not give
any significant peak that could be detected by the ELSD due to the low concentration of
this component needed for a culture growth.
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To study the effect of high pressure and high temperature autoclaving conditions
on the xylan substrate, HPLC analysis of 0.2% (w/v) of autoclaved and non-autoclaved
xylan from beechwood solution in water was carried out under the same HPLC conditions
and the results are shown in Figure 3.7.
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Figure 3.8: HPLC chromatogram 0.2% (w/v) of autoclaved xylan and non-autoclaved
xylan in water. An Aminex HPX-42C column was used with water as mobile phase at
75 C. All the eluted compounds were detected with ELSD.
The chromatogram in Fig 3.8 shows only a single xylan peak that was previously
observed in the xylan standard at 10.2 min (Fig 3.7). The same single peak for xylan was
observed for both the autoclaved and non-autoclaved xylan samples, while the autoclaved
xylan sample did not show any other products in between 10.2 min and 24.9 min to suggest
release of xylo-oligosaccharides or xylan derived monosaccharides. An extend HPLC run
also showed no peak at any time after 24.9 min. This concludes that the autoclaving
conditions used for this study did not breakdown the xylan polysaccharide in water into
xylo-oligosaccharide or xylan-derived monosaccharides. However, the limited capacity to
resolve substrates with higher degrees of polymerization of the column might also affect
the ability to recognize products with significantly longer chains if some degree of
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hydrolyzation did occur and the signal were buried under the xylan peak centered around
10.2 min. However, the near-symmetric nature of the xylan peak suggest the less likely
presence of such hidden peaks. There is also a 20% increase in the height of the xylan peak
at 10.2 min in the non-autoclaved xylan sample compared to the autoclaved xylan. This
could be due to evaporation of water in the solution when xylan was autoclaved at high
temperature resulting in a higher concentration of xylan in the autoclaved HPLC sample.
To study the xylanolytic process in CB15 growth cultures, extracellular growth
media of C. crescentus growth culture was collected over a period of 8 days and analyzed
using the same HPLC method as described above. Appearance of xylose, xylooligosaccharides or any other xylan derivatives or metabolic intermediates in the
extracellular media during CB15 growth would appear in the chromatogram as detected by
ELSD thus provide clues about xylan utilization by C. crescentus.
The chromatogram in Figure 3.9 shows the xylan peak at 10.2 min for all samples
at different growth time points. Surprisingly, there is a 12% increase in the height of the
peak from 0 hour measurement to the 48 hour (day 2) measurement. This is likely due to
CB15 cultures were grown in a flask at 30 oC, allowing the water in the culture to evaporate
over time. The same trend of increase can be seen for the two minimal media peaks at 11.2
and 13.6 min corresponding to the minimal media components. However, the two minimal
media peaks kept increasing, albeit in a very small amount, over the period of 8 days instead
of decreasing after 48 hours as in the xylan sample. After two days, the xylan peak shows
significant decrease to more than half by the fifth day and to only about 5.5% of the 0 hour
peak by eighth day. This further confirms the utilization of xylan by C. crescentus as its
disappearance in the extracellular media is accompanied with the parallel growth of the
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bacteria as shown in section 3.1 of the growth patterns. The significant decrease also
occurred after day three, which corresponds to the end of the lag phase of growth on xylan
substrate. The end of the lag phase marks the start of the log phase where bacteria multiply
at a quick pace, so the rate of consumption of xylan at this point is the highest as observed
in the HPLC chromatograms.

Figure 3.9: HPLC chromatogram of extracellular growth media of 0.2% (w/v)
autoclaved xylan in M2 minimal salt. An Aminex HPX-42C column with water as
mobile phase was used at 75 C and compounds were detected with an ELSD detector
using the same detection parameters as in standard compound detection. A full HPLC
chromatogram of all the samples is shown in the inset.
There was no other peak than the three peaks, representing xylan and the minimal
media components (cf. Figure 3.7), observed on the HPLC chromatograms of all the
samples collected. The lack of any other peaks suggests that there were no other
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intermediates, xylose or short-length xylo-oligosaccharides, were produced in the
extracellular media as the bacterial growth continued. Longer xylo-oligosaccharides cannot
be ruled out because of the limited capacity of the column to resolve longer xylooligosaccharides under the xylan peak but as stated above, the well positioned symmetric
nature of the xylan peak at 10.2 min does not suggest such long chain xylo-oligosaccharide
release. Overall, the result from HPLC analysis suggests that C. crescentus uptake xylan
substrate, potentially by breaking into smaller xylo-oligosaccharide fragments, without
releasing any of the broken-down xylan intermediates products into the extracellular
culture environment.
3.2.2 TLC analysis of extracellular growth media
To further support the results from HPLC analysis in section 3.2.1, TLC analysis
of the extracellular media of the xylan growth culture was carried out. Extracellular media
samples collected at 0, 24, 48, 96 and 192 h of growth were compared to a 0.2% xylan,
xylose, arabinose and glucuronic acid standards to detect the presence of any intermediates
produced during the course of C. crescentus growth in xylan minimal media culture as
shown in Fig 3.10.
Several solvent combinations were tested to find the best eluent for the separation
of xylan and xylan derivatives and it was determined that acetonitrile and water (85:15) as
the optimal eluent composition. As shown in Figure 3.10, xylan did not show high mobility
on silica gel plate when ran with acetonitrile and water solvent. Xylose, arabinose and
glucuronic standard show similar mobility, with retention factors (Rf) at 0.77, 0.71 and
0.75 respectively (Table 3.4). The five growth samples from xylan cultures at different time
of growth show single product with the same retention factor as xylan standard. Sample at
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192 hour of growth shows significant fading when compared to other samples, suggesting
the disappearance of xylan in the extracellular media at this time. Overall, xylan was
degraded by the bacteria without releasing any monosaccharide or short xylooligosaccharide derivatives.

Figure 3.10: TLC of extracellular growth media of 0.2% (w/v) autoclaved xylan in
M2 minimal salt. Standards used were 0.2% xylan, xylose, arabinose and glucuronic
acid in water. Silica gel TLC plate was used, and the solvent was 85:15 acetonitrile
and water. The plate was sprayed with 16 mM orcinol in 70% sulfuric acid and
developed in an oven at 90 oC for 10 min.
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Table 3.4: Retention factor (Rf) of xylan, arabinose, glucuronic acid and xylose on a
silica TLC plate and 85:15 acetonitrile and water eluent at room temperature.
Substrate

Rf

Xylan

0

Arabinose

0.75

Glucuronic Acid

0.71

Xylose

0.77

3.2.3 NMR analysis of extracellular growth media
To resolve the structure of xylan substrate as well as any possible intermediates
produced during CB15 growth in xylan, 1H-NMR analysis of the extracellular media
components was carried out. First, 1H-NMR of two standards: xylose and xylan were
collected to determine any signature peaks that could be used to identify the presence of
xylose or any xylo-oligosaccharides in the CB15 xylan growth culture. Figure 3.11 shows
spectra of xylose and xylan at 0.2% (w/v) concentration in D2O-DMSO-d6. A comparison
of experimental values 1H-NMR values for xylose and literature values are included in
Table 3.5.69,70
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Figure 3.11: 1H-NMR of 0.2% (w/v) of xylose and xylan standards in D2O-DMSO.
DMSO quintet peaks at 2.50 ppm was used as a reference. The α- and -anomeric H
atom peaks of the xylose observed around 4.94 and 4.37 ppm serve as signature peaks
for free xylose and peaks around 5.10, 4.29 and 4.12 ppm serve as signature for
polymeric xylan.
The spectra and chemical shift of peaks for D-xylose closely (±0.2 ppm) match with
the reported values. The anomeric carbon, which is the carbon derived from the carbonyl
carbon of open chain xylose structure, gives rise to two anomers upon formation of
xylopyranoside ring: α and β anomers with distinct chemical shifts for the anomeric carbon
attached proton in NMR spectra. For xylose, the two doublets at 4.94 and 4.37 ppm that
corresponds to the α-H and β-H of the two anomeric carbon positions serve as reference
peaks in the analysis (refer to chemical structures in Figure 3.11). These peaks in this region
are simple enough to distinguish the presence of free xylose monosaccharides in the
solution.71 The presence of trace amount of water in the sample as well as proton exchange
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with D2O produces a very broad peak at around 4.59 ppm and this is observed in all the
spectra of standards. The standard for xylan shows three doublets at around 5.10, 4.29 and
4.12 ppm that are in the region for hydrogens attached to anomeric carbon of xylose in the
reducing end of xylan polymer (Figure 1.3). The similarity in ppm values between these
observed values and the previously reported values for xylose suggests the doublet peak
at 5.10 ppm is the α-H, the one at 4.29 is the β-H, and the one at 4.12 ppm is responsible
for the H attached to the anomeric carbon at the β(1-4) glycosidic linkage between the
terminal and the penultimate xylose units in a xylan polymer strand. The α-H doublet
intensities are much lower than the β-H doublets, suggesting a higher proportion of the β
configuration in the reducing sugar end of both xylose and xylan. Additional peaks were
detected on the xylan spectra but were not used for analysis of samples from xylan growth
culture due to the complexity of these peaks.
As shown in Figure 3.11, the three signature doublets in the anomeric carbon region
of the 1H-NMR at 5.10, 4.29 and 4.12 ppm of standard xylan were observed in the spectra
of the xylan from growth cultures. Other cluster of peaks from xylan were also present and
are identical to those observed in the xylan standard. There is a broadening of water peak
at 4.60 because of the extraction process of xylan from the growth culture. A significant
decrease to more than half of the original integrals for all three peaks were observed in
sample collected at 96 hours of growth, indicating the disappearance of half the amount of
xylan in the growth culture over time. At 191 hours of growth, complete disappearance of
all peaks from xylan indicates complete utilization of xylan by C. crescentus. Also, the
quintet at 2.50 ppm for DMSO and 4.60 ppm for water remain at similar intensity for all
the sample, indicating reduction of the xylan component over time. All samples after 0
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hours did not show any other peaks suggesting that no xylan derivatives or other metabolic
products were formed in the culture during the growth. Overall, the result supports previous
conclusion of HPLC and TLC study in that there was complete breakdown and utilization
of xylan in C. crescentus xylan growth culture and a lack of other possible products in the
media from the hydrolysis of xylan.
Table 3.5: Literature and experimentally observed 1H-NMR chemical shift values (in
ppm) of D-xylose69,70

Carbon

Chemical Shift (ppm)

Number of Hs

Peak Type

Observed Chemical

Atom

Reported in Literature

1 (β)

4.57

1

doublet

4.37

1 (α)

5.19

1

doublet

4.94

2

3.21, 3.51

1

double of doublets

3.15, 3.45

3

3.42, 3.63

1

triplet

3.40, 3.45

4

3.63

1

multiple

3.45

5

3.31, 3.63, 3.91

2

double of doublets

3.31, 3.45, 3.72

Shift (ppm)
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Figure 3.12: 1H-NMR of xylan growth culture media collected at 0, 12, 24, 48, 96 and
192 hours of growth. Samples were dried, and then re-dissolved in D2O and spiked
with DMSO. DMSO quintet peaks at 2.50 ppm was used as a reference.

3.3. Xylanase enzyme assay of sub-cellular protein fractions
3.3.1. Xylanase enzyme assay of total protein in extracellular media, whole cell
lysate, periplasm and outer membrane with p-nitrophenyl-β-D-xylopyranoside
substrate
To assess the -xylanase enzyme activity at each sub-cellular protein fraction
toward breaking of β(1-4)-glycosidic bond in between xylose monomers, assay using the
chromogenic substrate p-nitrophenyl-β-D-xylopyranoside was carried out. Catalytic
reaction between xylanase enzymes and p-nitrophenyl-β-D-xylopyranoside substrate yield
p-nitrophenol (Figure 3.11), which has characteristic yellow color and can be detected by
its absorbance at 405 nm. The intensity of the color of the p-nitrophenol is proposal to the
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concentration of p-nitrophenol thus can be used measure the activity of xylanase in the
reaction.72

Figure 3.11: Reaction scheme of p-nitrophenyl-β-D-xylopyranoside hydrolysis by
xylanases into xylopyranoside and p-nitrophenol.

Quantification of total protein in each collected fraction was done by Bradford
assay.73 Bradford reagent’s color change from brown to blue indicates the presence of
protein in the sample. Bovine serum albumin was used to construct a standard curve of the
total protein in the solution, which is shown in Figure 3.12. A fitted line and equation for
the line was used for subsequent calculation of total protein in the sample.
Xylanase specific activity in the fractions was calculated using its activity and total amount
of protein and reported in the unit of U/mg of protein, in which U is defined as the amount
of enzyme that catalyzes the conversions of 1 µmol of pNPX substrate into products per
minute. Three independently isolated fractions were used for the assay, and the mean value
of the three fractions are shown in Figure 3.13.
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Figure 3.11: Standard curve of Bradford assay using a range (0-300 µg/mL) of BSA
standards. Absorbance was measured at 595 nm and all data points are replicates of
three independent experimental measurements.
Result shows no significant xylanase activity towards p-nitrophenyl-β-Dxylopyranoside was detected in any fraction on day 0 (beginning) of the growth. Xylanase
activity increases for all the measurements made for all the growth time points and for all
three fractions: the whole cell lysate, periplasm and outer membrane. No measurable
activity was detected for the extracellular media fraction at any growth time point
indicating absence of xylanase enzyme in these fractions. The highest specific activity
observed out of all the fractions was 919 U/mg for the periplasm at day three of growth.
The highest specific activity for the outer membrane fraction was observed on day four of
growth at 67 U/mg, which is only about 7% of the maximum activity observed for the outer
membrane fraction isolated on the third day. Overall, out of all the fractions, the
periplasmic protein fraction shows higher specific activity of xylanase when compared to
the whole-cell lysate and the outer membrane, indicating a high concentration of xylanase
in this subcellular location. The specific activity observed here is considerably high when
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compared to specific activity of xylanase produced by other types of bacteria74. Overall,
the result shows an increase in expression of xylanase by C. crescentus starting on the first
day of growth on xylan and the xylanase/s are concentrated in the periplasm. Outer
membrane shows very low activity, but no activity was detected in the extracellular media

Specific Activy [U(mg of protein)-1]

suggesting absence of any secreted xylanase in the extracellular media.
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Figure 3.13: Xylanase activity of subcellular protein fractions and extracellular
medium of xylan growth culture at 0, 1, 2, 3, 4, 5 days of growth. Activities were
calculated by measuring the p-nitrophenol release from pNPX substrate. Absorbance
value was collected at 405 nm. All data points are the mean of duplicate assays of
three independently isolated fractions.
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3.3.2. Determination of the enzymatic activities of extracellular media, whole- cell
lysate, periplasm and outer membrane protein isolates towards 22-(4-O-Methyl-α-DGlucuronyl)-xylotriose, 33-α-L-Arabinofuranosyl-xylotetraose, xylotetraose and
xylopentaose substrates
Enzymatic reaction of the total protein fraction towards four different substrates:
22-(4-O-Methyl-α-D-Glucuronyl)-xylotriose

(OX3),

33-α-L-Arabinofuranosyl-

xylotetraose (AX4), xylotetraose (X4) and xylopentaose (X5) is expected to reveal the
presence of glucuronidase and arabinosidase enzymes that are specific to these substrates
in each of subcellular locations of C. crescentus. Here, the products are analyzed using
TLC instead of HPLC due the limited availability of the expensive substrates. Figure 3.14
shows the result of enzymatic reaction between the total protein fraction and -(4-O-Methylα-D-Glucuronyl)-xylotriose substrate. No product was observed for the reaction between
the extracellular media fraction and the substrate. Breakdown of substrate into two different
products can be seen in the reaction of the whole-cell lysate fraction on day 4 and 7. One
of the products is xylose as the Rf value of 0.77 matches that of xylose observed under
same conditions (Figure 3.10; Table 3.4), the other is possibly from the 4-O-Methyl- α-DGlucuronic acid with Rf value of 0.61. This is different from the Rf value of 0.71 of
glucuronic acid reported in section 3.2.2, as the O-methyl substituent attached to the carbon
4 making the substrate heavier, or more polar leading to reduced Rf value. No product was
formed from the reaction with whole-cell lysate fraction from day 1 as well as for the
reaction using day 1 periplasmic fraction. For day 4 and 7, periplasmic fraction shows two
similar products as the reactions from whole cell lysate, which are xylose and possibly Omethyl glucuronic acid. The outer membrane fraction did not break down the substrate
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when day 1 and 4 fraction was used but for day 7, two products were observed, one results
in a similar spot as the O-methyl glucuronic acid at Rf value of 0.61 and the other is a new
product with Rf value of 0.37. If the spot at 0.61 is the O-methyl glucuronic acid, then the
other spot is possibly could be xylotriose suggesting appearance of glucuronidase activity
very late in the growth on the membrane without xylosidase activity. Overall,
glucuronidase and xylosidase activity has been firmly observed in the periplasm of C.
crescentus and glucuronidase activity during the later phase of growth on the membrane.

Figure 3.14: TLC analysis of the enzyme activities of subcellular protein fractions
and extracellular medium of xylan growth cultures collected at day 1, 4, and 7
towards the substrate 23-(4-O-Methyl-α-D-Glucuronyl)-xylotriose (OX3). Same
experimental conditions were followed as in Figure 3.10.
Results from the reactions of protein fractions towards the 33-α-LArabinofuranosyl-xylotetraose (AX4) substrate are shown in Figure 3.15. Only the protein
fractions from day 4 and 7 of the whole cell lysate and periplasm show activity towards the
AX4 substrate, producing one product at Rf value of 0.73, which is close to the Rf value of
both xylose and arabinose (Figure 3.10; Table 3.4). Whole cell lysate fraction on day 7
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hydrolyzes the substrate completely and displays only one spot. This might be due to xylose
and arabinose having very similar Rf values (0.77 and 0.75 respectively) under this TLC
condition. Nevertheless, both xylosidase and arabinosidase activities must be present in the
whole cell lysate to completely breakdown the AX4 substrate. Although the day 7 whole
cell lysate fraction shows complete breakdown of the substrate under the reaction
condition, the day 7 periplasm fraction only shows partial hydrolysis as a spot for the
original substrate is still prominent on the TLC plate. The extracellular media, as observed
with the OX3 substrate above, shows no activity toward the substrate. Similarly, the outer
membrane fraction also shows no activity. Overall, the results show the presence of
xylosidase and arabinosidase in protein extracted from the whole-cell C. crescentus grown
in xylan minimal culture. The difference between whole cell and the periplasm suggest that
one of the enzymes, most probably the arabinosidase, that is active towards AX4 substrate
is concentrated in the cytoplasm.

Figure 3.15: TLC analysis of the enzyme activities of subcellular protein fractions and
extracellular medium of xylan growth culture collected at day 1, 4, and 7 towards 33α-L-Arabinofuranosyl-xylotetraose (AX4) substrate. Same experimental conditions
were followed as in Figure 3.10.
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Figure 3.16 and 3.17 show the results from reactions between the protein fractions
and the xylotetraose and xylopentaose substrates. Whole cell lysate and periplasmic protein
fractions from day 4 and 7 of growth show complete breakdown of the two substrates into
monomer xylose under the reaction condition. This shows that xylosidase enzymes in the
periplasm can completely breakdown short-chained xylo-oligosaccharides into monomer
xylose. Although the outer membrane fraction collected on the day 7 showed some level
of activity towards p-nitrophenyl-β-D-xylopyranoside as shown in section 3.3.1, the outer
membrane fraction surprisingly shows no product formation in the reaction with these
xylo-oligosaccharide substrates. This might suggest that there is a presence of xylanase on
the outer membrane of C. crescentus and the enzyme can possibly hydrolyze β-(1-4)glycosidic linkage in between a xylobiose but not in longer substrates like xylotriose,
xylotetraose or xylopentose. No enzyme activity detected in the extracellular media and
the outer membrane fraction as well. Overall, the enzyme activity analysis indicates the
presence of xylosidase, arabinosidase and glucuronidase activities in specific subcellular
fractions (summarized in Table 3.6) of C. crescentus grown in xylan minimal culture.
3.4 Gene expression analysis of C. crescentus in xylan growth culture
To identify the C. crescentus genes that were expressed in response to xylan carbon
source in the minimal media culture, the total RNA was collected at mid-log phase of
growth. Additionally, total RNA at mid-log phase was also collected from C. crescentus
grown in xylose minimal media culture for comparison. The RNA collected was reverse
transcribed into complementary DNA (cDNA) and amplified using primers for the genes
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Figure 3.16: TLC analysis of the enzyme activities of subcellular protein fractions and
extracellular medium of xylan growth culture collected at day 1, 4, and 7 towards
xylotetraose. Same experimental conditions were followed as in Figure 3.10.

Figure 3.17: TLC analysis of the enzyme activities of subcellular protein fractions and
extracellular medium of xylan growth culture collected at day 1, 4, and 7 towards
xylopentaose. Same experimental conditions were followed as in Figure 3.10.
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Table 3.6: Summary of subcellular enzymatic activity of C. crescentus grown in xylan
minimal culture towards 22-(4-O-Methyl-α-D-Glucuronyl)-xylotriose (OX3), 33-α-LArabinofuranosyl-xylotetraose (AX4), xylotetraose (X4) and xylopentaose (X5).
OX3

AX4

X4

X5

Enzymes
Xylosidase,

Whole

Cell
Yes

Yes

Yes

Yes

Arabinosidase,

Lysate
Glucuronidase
Xylosidase,
Periplasm

Yes

Yes

Yes

Yes

Arabinosidase,
Glucuronidase

Outer
Yes

Yes

No

No

Glucuronidase

No

No

No

No

None

membrane
Extracellular
Media

of interest (Table 3.7). Amplicons were separated using 2% agarose gels and visualized by
GelRed staining. Figure 3.18 shows images of the DNA agarose gel of the PCR reaction.
Absence of bands in the (-) controls for both glucose and xylan confirms the lack of DNA
contamination in the RT-PCR reaction, as shown in Figure 3.18c. All the genes that are
induced and expressed in C. crescentus when grown in xylose and xylan are shown in Table
3.6. Of the genes chosen, CC_2153 and CC_2357 were not expressed in both xylose and
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xylan. CC_0989, which encodes a beta-xylosidase is only expressed when grown in xylan
minimal culture.

Figure 3.18: Reverse-Transcriptase (RT-PCR) based analyses for expression of C.
crescentus genes in xylose (a) and xylan (b) carbon sources in minimal media cultures.
rRNA control using 785F and 1492R (c). Gene locus tags (CC numbers) are shown
above images. Expected amplicon size range from 40 to 180 bp except for the rRNA
amplicon, which is around 700 bp.

3.5 C. crescentus xylan growth culture in the presence of CCCP and TonB
pentapeptide
To understand the role of TonB dependent transporters, carbonyl cyanide 3chlorophenylhydrazone (CCCP) and TonB pentapeptide (Glu-Thr-Val-Ile-Val) were used
to potentially block the functions of TBDTs in C. crescentus grown in xylan, xylose and
four other xylo-oligosaccharide substrates. If the TBDTs indeed function as part of the
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PULs for xylan in C. crescentus, then it is expected that the presence of the drugs above
would impair C. crescentus ability to utilize xylan. This could result in the lack of growth
of C. crescentus in the minimal culture containing one of the six carbon sources.
Table 3.7: Gene expression of C. crescentus in xylose and xylan minimal cultures.
✓indicates expression and X indicate non expression.

Gene

Xylose

Xylan

Enzyme

CC_0771

✓

✓

CE 10: Esterase

CC_0813

✓

✓

GH 43: Xylosidase

CC_0989

X

✓

GH 43: Xylan 1,4-beta xylosidase

CC_1422

✓

✓

GH 51: Alpha-Larabinofuranosidase

CC_2802

✓

✓

GH 43: Xylosidase/arabinosidase

CC_2803

✓

✓

GH 10: Xylanase

CC_2811

✓

✓

GH 67: Alpha-glucuronidase

CC_2153

X

X

CE 4: Polysaccharide deacetylase

CC_2357

X

X

GH 39: Beta-xylosidase

CC_3042
CC_3054

✓
✓

✓
✓

GH 10: Endo-1,4-beta-xylanase
GH 3: Xylosidase/arabinosidase

Figure 3.18 shows the effect of the two compounds toward C. crescentus growth.
In the presence of CCCP, C. crescentus growth in all six carbon sources chosen was not
completely halted, but there is a delay effect for both lag phase and log phase of CB15
growth, which has been observed in growth of E.coli in the presence of CCCP.74 For
xylose, this effect delays the log phase from 6 hours to 24 hours, and log phase takes 75
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hours to reach the maximum OD600 measurement when compared to the control. For xylan,
the lag phase takes an additional 40 hours. For both AX4 and X4, the delay of the lag phase
was 44 hours. For X5, the delay was a significant 94 hours. Surprisingly, OX3 experienced
the most prolonged lag phase under the presence of CCCP. The lag phase was around 170
hours long, and the growth did not pick up until the very last day of monitoring. Growth
cultures containing X4 and X5 did not reach the maximum OD600 at the stationary phase
as the control. In the case of the TonB peptide, there was no significant arrest or delay of
the phases for all six cultures. C. crescentus grew in all six cultures under the presence of
the peptide and reach similar OD600 maximum. Except for xylose and AX4, the other four
cultures show a higher OD600 maximum and prolonged stationary phase when compared to
the control. Overall, no complete arrest of cell cycle was observed when CB15 was grown
in the minimal culture with CCCP or TonB pentapeptide. A growth delay effect was
observed by CCCP, especially in the case of the OX3 substrate.
3.5.1 C. crescentus xylan growth using TonB pentapeptide
Based on the previous result, C. crescentus was inoculated in a minimal culture
containing only TonB pentapeptide and the minimal salts to study the effect of TonB
pentapeptide. A negative control containing only CB15 and minimal salts was set up for
comparison and OD600 was used to monitor the cultures over the course of 8 days. Figure
3.19 shows an increase in OD600 value containing only TonB pentapeptide over the course
of 8 days and no increase in value for the negative control. Overall, this shows that CB15
utilizes the TonB pentapeptide as an energy source in an environment containing only the
peptide and no other carbon source.
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Figure 3.18: C. crescentus growth in minimal cultures containing one of the following:
0.2 % (w/v) xylose, 0.2 % (w/v) xylan, 0.1 % (w/v) glucuronyl xylotriose, 0.1 % (w/v)
arabinose xylotetraose, 0.1 % (w/v) xylotetraose, 0.1 % (w/v) xylopentaose under the
presence of either: 10 µM CCCP or TonB pentapeptide at 100 µg/ml. All the cultures
were monitored with OD600 for 8 days.
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Figure 3.19:

TonB

C. crescentus growth in minimal cultures containing one TonB

pentapeptide at 100 µg/mL. All the cultures were monitored with OD600 for 8 days.

3.6. Xylan acid hydrolysis
HPLC chromatogram of the acid hydrolysis products of xylan show two major
peaks at approximately 23.2 and 25.2 minute. The latter is xylose, which takes up around
72.5% mass content of xylan; and the former might be monosaccharide that appears where
typically glucose is detected under these experimental conditions and takes up around 2.5%
the mass content of xylan.
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Figure 3.20: HPLC chromatogram of three acid hydrolysis replications of xylan from
beechwood, as well as a mixture of standard with glucose, xylose, galactose, arabinose
and mannose. The column used was Aminex HPX-87P, mobile phase was water at 0.3
mL/minute, the oven was set at 75 oC and refractive index detector was used to detect
sugars.
3.7. Discussion
This study shows C. crescentus’ (CB15) ability to metabolize xylan and various
xylo-oligosaccharide substrates as its sole carbon source and further probes into the
degradation of these carbon sources and provides insight into carbon compound uptake
mechanisms. Studies have shown that C. crescentus can transport several types of
carbohydrate units; mono-, di- and oligosaccharides, across its outer membrane, either
without any deconstruction of the larger molecules like sucrose, maltose and lactose; or as
the extracellular breakdown products into monosaccharides as in the case of glucooligosaccharides.38,56,64,75,76 Here, we show evidence for the potential the breakdown of the
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polymeric xylan in the extracellular growth media into smaller fragments in a C. crescentus
surface-bound manner before uptake of these fragments across the outer membrane of C.
crescentus without releasing any fragments into the environment (Section 3.2).
The chemical and physical nature of the original xylan carbon source presented to
C. crescentus may influence its natural ability to metabolize this carbon source. The use of
autoclave, high temperature and pressure, process poses a question of whether such process
would modify the chemical structure of the xylan substrate. Generally, a polysaccharide
like xylan is usually hydrolyzed using acids (at pH < 3) at elevated temperatures or
enzymes.77 Mechanism of acid hydrolysis of a polysaccharide is shown in Figure 3.20, in
which an initiation reaction occurs between the acidic proton and the oxygen in the
glycosidic link between the two monomers. After that, C-O bond breaks to form a cyclic
carbocation. Addition of water removes the acidic proton to form the sugar monomer in
the end. Prior research conducted to study the hydrolysis of xylan in the presence of diluted
sulfuric acid and pyrolysis has showed that xylan is greatly reduced to xylose monomer in
the presence of 2% dilute sulfuric acid at pH of around 0.69 when autoclaved at 121 oC, or
when pyrolyzed at 500 oC.78 For the current study, the pH of the xylan solution (with water)
that was autoclaved remained closer to the neutral pH 7.0 before and after autoclaving.
Thus, it eliminates the conditions needed for the hydrolysis of the xylan polymer into
smaller fragments or xylose and other monomeric products (arabinose or glucuronic acid)
under our experimental conditions, which is shown in our HPLC/TLC analyses of
autoclaved and non-autoclaved xylan solution in section 3.2.1 (Figure 3.8) demonstrating
the absence of any fragmented xylan products after autoclaving.
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Figure 3.21: Mechanism of acid-catalyzed hydrolysis of polysaccharides.77
As shown in Table 3.1, CB15 grown in xylan minimal media culture, whether
autoclaved or non-autoclaved, displayed a prolonged lag phase of 72 hours when compared
to a shorter lag phase of 6 hours observed for glucose and xylose minimal media cultures.
Growth in lag phase is often minimal, yet many essential molecular level processes occur
inside the bacterial cells.
Bacterial gene expression during lag phase in a nutrient limited condition was
explored by Madar et al. using E. coli promoters and fluorescent reporters.79 Bacteria
strives to achieve higher rate of cell division and maximum growth rate once transition
from lag phase to log phase by producing all the enzymes needed for such process during
the lag phase. The processes occur during lag phase can be divided into two phases: the
first one focuses solely on expression of specific carbon compound utilizing genes in a
sequential manner to provide a constant source of carbon but ribosome or amino acid
biosynthesis gene are not expressed.79 When cells reach this check point, which ensures all
the enzymes needed are synthesized fully, synthesis of amino acids increases to allow cells
to grow bigger. This self-checkpoint makes sense for bacteria living in nutrition-poor
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oligotrophic environment like C. crescentus. Boutte et al. explored stringent response
mechanism in C. crescentus experimental strain CB15N, a derivative of CB15 that does
not synthesize holdfast protein, under starvation conditions to find a complex mechanism
involving guanosine tetraphosphate (ppGpp), which is a global bacterial stringent response
mechanism, with unique nutrient and species dependent mechanisms specific to C.
crescentus.80 Additional studies are needed to further explore how stringent response
mechanisms in CB15 aids gene expression and survival in a xylan-only carbon source
environment.
The rate of bacterial growth, especially during the lag phase, is directly related the
nature of the carbon source available in the culture.81 The signal transduction mediated by
the carbon source would lead to further regulation of gene expression of transporters that
help the carbon compound transport across both membranes into subcellular locations
where biochemical transformation happens to produce energy from these carbon sources.82
Study has shown that bacterial growth is sensitive to the type of carbon source, even the
concentration of the specific carbon source resulting in different lengths of lag phases, as
observed in the current study.83 For example, growth in 22-(4-O-Methyl-α-D-Glucuronyl)xylotriose substrate resulted in a much longer lag phase than the undecorated but longer
chain of xylo-oligosaccharides and the differently substituted, long-chain 33-α-LArabinofuranosyl-xylotetraose (Figure 3.5). Structural study of an α-glucuronidase in
Pseudomonas cellulose showed that this type of enzyme has a deep active site pocket and
it requires for the substituent to be linked to the O-2 position of xylose residues at the nonreducing end 47 as opposed to the middle xylose of the 22-(4-O-Methyl-α-D-Glucuronyl)xylotriose substrate used in this study (Figure 2.1). This suggests that α-glucuronidase’s
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activity depends on a prior xylosidase activity that generate the suitable substrate from 22(4-O-Methyl-α-D-Glucuronyl)-xylotriose for α-glucuronidase enzymatic reaction thus
resulting in a longer lag phase.
Different mechanisms have been reported for the polysaccharide breakdown by
different types of bacteria (Figure 1.4). Most include extracellular hydrolysis of the long
chain carbohydrate polymers by an enzyme in the extracellular media before uptake of the
breakdown products across cell membrane via membrane transporters.29,37 This enzyme
belongs to a PULs system, as described in Chapter 1, in which a collective group of proteins
with different functional roles work together to effectively breakdown polysaccharide as
carbon source for the bacteria.37 If this is the case for C. crescentus in the xylan growth
culture then a model for xylan utilization develops with a xylanase tethered to the outer
membrane, as supported by metabolite analyses data, of the bacteria and helps hydrolyze
the polymeric xylan to smaller fragments. This xylanase may work together with
carbohydrate binding proteins or carbohydrate binding modules (CBM) found within the
xylanase and transporter, potentially a TonB-dependent transporter, to capture the cleaved
xylo-oligosaccharide fragments without releasing into the environment and bring them into
the periplasm. An alternative model suggests the secretion of xylanase into the extracellular
media.29 If the second model is in operation in C. crescentus, then the extracellular growth
media would be expected to contain small fragments of different oligosaccharides as well
as xylanase enzyme activity. Metabolite analysis results from HPLC, TLC and NMR in
this study showed lack of any xylan derived fragments or any related intermediates.
Similarly, no xylan related enzyme activity was observed in the extracellular media
concentrates (Table 3.6). This suggests that the mode of xylan breakdown in extracellular
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media by C. crescentus might follow the mechanism in which both the polysaccharide
binding protein/s and the enzyme/s are attached to the outer membrane and these two
protein/s work together to deconstruct the xylan polysaccharide and transfer the fragments
into the cell with the help of a transporter. A previous study from our lab on glucooligosaccharide utilization in M2 minimal media using cellobiose as the carbon source by
C. crescentus showed breakdown products in the extracellular media (as monitored by GCMS and TLC).64 The data presented here thus far showing that C. crescentus utilization of
the polymeric xylan is different than the cellobiose utilization. The gluco-oligosaccharides
used by Presley et al., as opposed to polymeric xylan, extended only up to cellotetrtaose
and it may not have bound to a CBM thus upon cleavage of glycosidic linkage it may be
released into the environment as shown in that study. Presley et al. reported that cellulose
did not support C. crescentus growth in M2 minimal media.
Both the outer membrane and the periplasmic fractions show activity toward pNPX
substrate. pNPX is a very sensitive colorimetric substrate for -xylosidases. -xylosidases
are exoxylosidases that cleave xylose from non-reducing ends of xylo-oligosaccharides,
whereas xylanases typically cleave internal β(1 → 4) xylosidic bonds. The pNPX substrate
is not specific to any type of -xylosidases or xylanase thus any type of enzyme that
belongs to these groups can release the p-nitrophenol resulting in the color change and that
is typically reported as xylanase activity. The outer membrane fraction only showed
relatively low level of specific activity towards pNPX substrate, while the activity towards
the four different xylo-oligosaccharide substrates were not detected (Figure 3.15-18). This
might suggest that xylanase(s) found on the outer membrane of the bacteria might need the
integral association of the other proteins, possibly the carbohydrate binding protein as in
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the PULs system, to work properly. The outer membrane protein isolation procedure may
have disrupted these protein associations necessary for endo-xylanase activities.
The high specific activity for pNPX substrate was observed in the periplasm.
Subcellular protein location prediction analysis was conducted using two different online
predictor

tools:

PSORTb

(https://www.psort.org/psortb/)

and

Gneg-mPLoc

(http://www.csbio.sjtu.edu.cn/bioinf/Gneg-multi/).85,8684,85Two possible xylosidases are
predicted by PSORTb and Gneg-mPLoc to be localized in the periplasm: CC_2802 and
CC_3054 (Table 3.8) Additional xylosidases are predicted to be in the cytoplasm
(CC_0989) and the inner membrane (CC_0813) as well. CC_2357 codes for a xylosidase
that could be in either the inner membrane or the cytoplasm, however, this gene was not
expressed when C. crescentus was induced with xylose or xylan as observed in this study.
An important observation is that CC_0989 gene, whose subcellular location is somewhat
unpredictable, was only induced when C. crescentus was grown in xylan culture but not in
xylose growth culture. In general, the gene expression analysis suggest expression of most
of the xylan degradation related genes in both xylose as well as xylan carbon sources
indicating that xylose may work as an inducer for the expression of these genes.
The prediction of the presence of xylosidases in the periplasm and cytoplasm of C.
crescentus means that these enzymes were most probably synthesized to break down the
short chain xylo-oligosaccharides that may get transported to the periplasm and cytoplasm
of CB15. This means that it must be coupled with activities of membrane transporters on
both the outer membrane and inner membrane to deliver the short chain xylooligosaccharides into these subcellular locations. Unlike many gram-negative bacteria, C.
crescentus lacks OmpF-type outer membrane porins, which facilitates diffusion of
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hydrophilic substrates from the environment through the water-filled pores,51 but encodes
for unusually high number of TonB-dependent receptors (TBDR) that are found on the
outer membrane, as well as a high number of ABC (ATP-Binding Cassette) transporters
on the inner membrane (Appendix 2).86,87 Some of these active transporters, TonBdependent receptors and ABC transporters, must therefore also be induced and expressed
as they may be involved in transporting short chained xylo-oligosaccharides. Previous
studies shown expression of TBDRs in response to gluco-oligosaccharides, maltose and
sucrose.64,76,88 However, previous study has shown no induction of ABC transporters when
C. crescentus is grown in xylose minimal culture, suggesting xylose may not be an inducer
for the expression of ABC transporter in C. crescentus.89 However, xylo-oligosaccharides
with different decoration may serve as an inducer for ABC transporter to as it would
indicate the presence of xylan-derived fragments present in the periplasm. Expression of
transporter genes under specific carbon sources, decorated and undecorated xylooligosaccharides of different length, can be pursued in a future study.
The protein sequences of all the genes were analyzed using two signal sequence
identifier

programs:

SignalIP

(http://www.cbs.dtu.dk/services/SignalP/)

and

(https://services.healthtech.dtu.dk/service.php?TatP-1.0).90,91 In general, bacterial protein
translocation follows one of the two known pathways: the Sec or Tat pathway. The former
has a Sec-translocase protein on the inner membrane of the bacteria and a chaperone SecB
that guides the protein to the Sec-translocase.92 A signal recognition particle would bind
the signal sequence on the peptide during translation and the whole protein is translocated
unfolded into the periplasm.92 Tat pathway translocate proteins that are already folded in
the cytoplasm and relies on proton motive force to do so.
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Table 3.8: Prediction of subcellular location of xylan-degrading enzymes in C.
crescentus using PsortB and Gneg-mPloc84,85
Gene

CC_0771
CC_0813
CC_0989
CC_1422
CC_2802
CC_2803
CC_2811
CC_2153
CC_2357
CC_3042
CC_3054

Protein product
predicted
location
(PSORTb)
Periplasm
Unknown
Unknown

Protein product
predicted
location (GnegmPloc)
Cytoplasm
Inner membrane
Cytoplasm

May have
multiple locations
Unknown
Periplasm
Unknown
Periplasm

Inner membrane

Cytoplasm
May have
multiple locations
Periplasm

Periplasm
Inner membrane
Inner membrane
Periplasm/
Cytoplasm
Inner membrane
Inner membrane,
Cytoplasm
Periplasm

Enzyme

CE 10: Esterase
GH 43: Xylosidase
GH 43: Xylan 1,4-beta
xylosidase
GH 51: Alpha-Larabinofuranosidase
GH 43: Xylosidase/arabinosidase
GH 10: Xylanase
GH 67: Alpha-glucuronidase
CE 4: Polysaccharide deacetylase
GH 39: Beta-xylosidase
GH 10: Endo-1,4-beta-xylanase
GH 3: Xylosidase/arabinosidase

Two genes, CC_1422 and CC_2811 encodes for α-L-arabinofuranosidase and αglucuronidase respectively were both predicted to be on the inner membrane as per GnegmPloc predictor. Both possess signal peptides as predicted by SignalP and TatP for protein
translocation, suggesting that they are both translocated to other subcellular locations from
the cytoplasm for their functions (Table 3.9). Regardless of the actual subcellular locality
of these proteins, their activities must be localized in the periplasms with the membranebound enzymes with active sites facing the periplasmic space, as shown in the activity
assay of the periplasmic protein fraction with OX3 and AX4 substrates. Both reactions
show complete hydrolysis of the substrates into monomer products, suggesting that
substituents are removed from the oligosaccharide chain in the periplasm. This process
82

occurs before further breakdown of the xylo-oligosaccharide chain in the periplasm or
transportation of the chain into the cytoplasm for further breakdown. The ABC transporters
on the inner membrane most likely also involve in transportation of the xylan-derivatives
into the cytoplasm to convert them into energy. Study has shown that ABC transporters in
Streptococcus can uptake maltose-oligosaccharides up to seven monomers in length, and
varied in substituents thus it is possible that ABC transporters in C. crescentus can also
accommodate such activity.93
Table 3.9: Prediction of signal sequences for subcellular translocation on xylandegrading enzymes in C. crescentus using SignalP and TatP90,91
Gene
CC_0771
CC_0813
CC_0989
CC_1422
CC_2802
CC_2803
CC_2811
CC_2153

Translocation
Signal (SignalP)
None
Tat
None
Signal peptide
None
Tat
Signal peptide
Signal peptide

Translocation
Signal (TatP)
None
Tat
None
Tat
None
Tat
None
Tat

CC_2357
CC_3042
CC_3054

None
None
Tat

None
Tat
Tat

Enzyme
CE 10: Esterase
GH 43: Xylosidase
GH 43: Xylan 1,4-beta xylosidase
GH 51: Alpha-L-arabinofuranosidase
GH 43: Xylosidase/arabinosidase
GH 10: Xylanase
GH 67: Alpha-glucuronidase
CE 4: Polysaccharide deacetylase
GH 39: Beta-xylosidase
GH 10: Endo-1,4-beta-xylanase
GH 3: Xylosidase/arabinosidase

The CC_2803 and CC_3042 are two endo-xylanases and both were expressed when
the bacteria was induced with xylose or xylan (Figure 3.18). These enzymes may serve
critical function in degradation of xylan by C crescentus as they are capable of
hydrolytically cleaving the

β-1,4-glycosidic linkage between xylose residues of the

backbone of xylan polymer, not just the xylose monomers from the non-reducing end of
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short-chained xylo-oligosaccharides like the β-xylosidase.41 Xylanases are classified into
6 glucoside hydrolase (GH) families: 5, 7, 8, 10, 11 and 43 based on amino acid sequences,
structural folds and mechanisms42 and among them GH 10 and 11 have been studied
extensively.42 The GH families 10 and 11 differ from one another mainly on the site of
binding on the substrate and hydrolysis of the xylan polymer chain. While GH 10 cleaves
the glycosidic linkage between a xylose monomer attached to a substituent (like O-methyl
glucuronic acid) and the one next to it, GH 11 cleaves the bond between the two monomers
next to a monomer with a substituent (Figure 4.2), resulting in xylo-oligosaccharide
products with different chain length and composition.45,94,95 The structural variation in the
xylo-oligosaccharides may serve as substrates for different enzymes that further strips off
the decorations to generate plain xylo-oligosaccharides resulting in efficient breakdown.
Both xylanases found on C. crescentus genome, CC_2803 and CC_3042, belong to the GH
10, and both were expressed when CB15 was induced with xylan, showing the structural
complexity of heterogenous polymers like xylan that needs multiple enzymes with the
same function and the versatility of the bacterial genome in encoding enzymes with the
same function to handle this structural complexity.
The gene CC_3042 is said to codes for the conserved protein Xyn10C, encoded by
the gene XCC_4115 in Xanthomonas campestris pv. campestris, a plant pathogen that
causes black rot in cruciferous vegetables. Xyn10C is one of the three detected xylanases
in Xanthomonas campestris pv. campestris’ genome, and even though it has not been
proven to express extracellular activity, it does have signal peptide for secretion out of the
cytoplasm.29 A homolog of Xyn10C is also found in the XUS system (designated
PBR_0377) belonging to the human gut microbe P. Bryantii. This homolog has an N-
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terminal signal peptidase II cleavage site, which suggests that it is an outer membraneanchored protein with similar function as the SusG protein of B. thetaiotaomicron, an
obligate anaerobe and an opportunistic pathogen found in human gut flora.37 This
homology feature reflects the presence of highly conserved carbohydrate utilization
systems, in term of enzyme, protein sequence, three dimensional structures and enzymatic
activity, across the microbial communities of different niches and nutrient acquisition
modes 96 and yet they also display variety. 96 CC_2803 does not display similarity with any
xylanases of other microbes but similar in mechanism to the two endo-xylanase Xyn10A
and Xyn10C found in P. bryantii. However, the presence of CC_2803 might suggest that
the product of its xylan hydrolysis might be different than the ones produced by CC_3042.
This, again, helps the bacteria thrive in an environment with the ability to generate a wide
variety of xylan-derived carbon compound substrates.
The presence of Tat signal in CC_2803 implies this enzyme might as well be
targeted for translocation to other subcellular locations. This gene is also located right in
the middle of CC_2802 and CC_2811, which encode for a xylosidase and an αglucuronidase respectively (Figure 3.22). Both of which are induced by xylose, which
might explain why it was also expressed when C. crescentus was grown in xylose minimal
culture. In fact, D-xylose has been shown to induce the expression of over 50 genes in C.
crescentus.89 This includes CC_3065, which encodes for XylR, a LacI-type repressor that
binds to DNA and hinders gene expression in the absence of D-xylose; and binding to Dxylose would release it from the DNA relieving the repression to allow gene expression.97
XylR has been shown to affect not only just xylose metabolism, but also glucose
metabolism in C. crescentus.97
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In X. campestris, this conserved transcriptional regulator with similar sequence has
been shown to repress the genes that are involved in xylan degradation. A collection of
proteins in X. campestris, specifically endo-xylanase Xyn10A, exoxylanase Gly43F, an
inner membrane transporter XypB and periplasmic α-glucuronidase Agu67A, has been
shown to affect extracellular xylanase activity29 in which the absence of those proteins
reduces extracellular xylanase activity thus the ability of the bacterium to degrade xylan
polymer. Like XylR, Agu67A is also said to be conserved in C. crescentus, among other
organisms, and its homolog in C. crescentus is CC_2811.29 It would be beneficial for future
study to generate the deletion mutant strain/s of CB15 with the absence of some of these
key enzymes to see the effect of these genes in xylan metabolism.

Figure 3.22: Caulobacter crescentus xylan-degradation loci. Gene coding suggest that
genes CC_0988 and CC_0989 may be translationally coupled.

86

Table 3.10: Prediction of C. crescentus xylan-degrading genes in operons.98

Gene
CC_0771
Periplasmic esterase

CC_0813
Xylosidase
CC_0989
Xylan 1,4 B Xylosidase
CC_1422
Alpha-L-arabinofuranosidase

CC_2802
Xylosidase/arabinosidase
CC_2803
Xylanase
CC_2811
Alpha-glucuronidase

CC_2153
Polysaccharide deacetylase
CC_2357
Beta-xylosidase

CC_3042
Endo-1,4-beta-xylanase
CC_3054
Xylosidase/arabinosidase

Possible Operon
CC_0766: GTP-binding protein CgpA
CC_0770: Alcohol dehydrogenase, Zn contain
CC_0772: TetR family transcriptional regulator
CC_0778: Glutathione S-transferase family protein
CC_0782: LuxR family transcriptional regulator
CC_0783: GntR transcriptional regulator
CC_0784: Deoxyphosphogluconate aldolase
CC_0814: XylE: D-xylose transporter
CC_0988: Hexorunate transporter, UhpC sugar
phosphate permease possible translational coupling
CC_1421: PRK 13017, dehydratase
CC_1423: COG2509, FAD-dependent
dehydrogenase
CC_1420: FadR family, DNA binding transcription
regulator
CC_2803: Xylanase
CC_2804: TonB dependent receptor
CC_2802
CC_2804
CC_2809: M20 Peptidase aminoacylase 1 subfamily
CC_2810: PAS domain, Methyl accepting
chemotaxis protein, signaling domain
CC_2152: XynE transporter like similar to the
P.bryantii XynE
CC_2154: Dipeptidyl aminopeptidase 2
CC_2354: Sugar phosphate permease
CC_2355: Helix turn helix lactose operon repressor,
LacI/PurR family type 1 periplasmic binding fold
superfamily
CC_2358: Dienlactone hydrolase
CC_2359: L-asparaginase
CC_3039: Dienelactone hydrolase
CC_3040: Flagellum ATP synthase
CC_3041: FliJ protein
CC_3051: PDZ domain or GLGF, M61 peptidase
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Although CB15 minimal culture with TonB pentapeptide did not show expected
inhibition of TonB transport as postulated in this study, inducing CB15 culture with CCCP
showed a significantly longer lag phase for xylan and all xylo-oligosaccharide substrates.
This effect was not observed for CB15 xylose minimal culture induced with CCCP, which
might be due to the presence of OprB protein on the outer membrane of CB15 that allows
diffusion of xylose into the cell across the outer membrane as OprB has been shown to
transport wide range of hydrophilic molecules including different monosaccharides.99
Presence of CCCP in bacterial cultures has been shown to slow down the growth.100 For
larger substrate transportation, C. crescentus may rely heavily on TBDRs and impairment
of proton motive force, which drives the function of TBDRs,54 may result in the longer lag
phase as observed. TBDRs have been shown with more functions than just transportation
of larger nutrients across outer membrane. Research into the first original PUL system in
B. thetaiotaomicron show the N-terminal region of TBDR can interact with the anti-σ
factor, which triggers a conformational change of this inner membrane-spanning anti-σ
factor.33 This allows the release of extracytoplasmic function σ factor (ECF) that could
regulate transcription. Another model proposes a binding of periplasmic sensing domain
on transcriptional regulator of B. thetaiotaomicron to the oligosaccharide products that get
transported into the periplasm, triggering the signals for gene expression.37 Further study
is needed to predict which regulating mechanism is actually in operation in C. crescentus
for xylan utilization.
Based on the observations made in this study and the collective and comparative
analysis of the genomic related to xylan utilization in C. crescentus and related organism,
a predictive model of xylan utilization system in C. crescentus is proposed in Figure 3.23.

88

Figure 3.23: Proposed model for xylan degradation and uptake by C. crescentus.
Endo-xylanases coded by CC_2803 and CC_3042 act as the extracellular xylanase that
break down long chain xylan polymer into short xylo-oligosaccharides that could be
substituted with arabinose, O-methyl glucuronic acid. These shorter chains are transported
across the outer membrane by TonB-dependent receptor transporters. Short chain xylooligosaccharides are removed of substituents by α-glucuronidase (CC_2811) and
arabinosidase (CC_1422) in the periplasm, and further degraded into xylose monomers
either in the periplasm (with xylosidases encoded from CC_0813, CC_2802 and CC_3054)
or cytoplasm (xylosidase CC_0989), then converted to D-xylonolactone by xylose
dehydrogenase before further transformation into α-ketoglutarate,101 an intermediate of the
citric acid cycle.
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Chapter 4. Conclusions and Future Perspectives
In conclusion, this study proposes a xylan utilization system in C. crescentus, a
gram-negative, aquatic, oligotrophic bacterium. The xylan utilization system of C.
crescentus shares several similar characteristics with the reported XUS of bacteria found
in human guts, cow rumen, and plant pathogens. Such similarities include the presence of
extracellular endo-xylanase tethered to the outer membrane, TonB-dependent receptor
transporters on the outer membrane for transportation of xylo-oligosaccharide products and
transcriptional regulator. All these factors give the bacteria an oligotrophic advantage in a
low nutrient environment. The enzyme assays showed a high concentration of enzymes,
including xylosidase, arabinosidase and glucuronidase that remove the side chains on the
main xylan polymer. Xylose might be an inducer of the xylan utilization genes in C.
crescentus. C. crescentus provides insight into how environmental bacteria may have
evolved to maximize the efficiency of its genome to secure carbon sources in a relatively
nutrient scarce environment.
Further studies are needed to characterize the key enzymes in xylan degradation by
C. crescentus, including CC_2803, CC_3042, CC_1422 and CC_2811. Specifically,
CC_2803 and CC_3042 were both expressed, so it is important to identify the substrate
specificity for each of these xylanases. CC_0813, CC_0989, CC_2802 and CC_3054 all
encode for potential xylosidase, so it is also important to explore substrate specificity of
these enzymes. Generation of mutants with knockout genes of both enzymes, TBDRs and
transcriptional regulator will shed light on their effect in regulation of xylan degradation
and bacterial survivability under such conditions. Such study coupled with growth study
using different xylo-oligosaccharide substrates will identify which of the TBDRs collection
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in C. crescentus are involved in the transportation of xylo-oligosaccharides and their exact
mode of functions. Further characterization needs to be done to reveal the role of twocomponent signaling system and extracytoplasmic function sigma factors in regulation
gene expression during CB15 growth in xylan culture.
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Appendix 1: Xylan 1H-NMR with instrument parameter
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Appendix 2: List of TonB-dependent receptor transporter and ABC transporters
genes encoded in C.crescentus genome98
TBDT

CC_0028, CC_0171, CC_0185, CC_0210, CC_0214,
CC_0335, CC_0442, CC_0446, CC_0454, CC_0539,
CC_0563, CC_0571, CC_0579, CC_0772, CC_0970,
CC_0983, CC_0991, CC_0995, CC_0999, CC_1099,
CC_1113, CC_1131, CC_1136, CC_1138, CC_1142,
CC_1145, CC_1517, CC_1623, CC_1666, CC_1750,
CC_1754, CC_1778, CC_1781, CC_1791, CC_1809,
CC_1970, CC_2149, CC_2194, CC_2287, CC_2398,
CC_2660, CC_2709, CC_2804, CC_2832, CC_2928,
CC_3001, CC_3013, CC_3127, CC_3146, CC_3147,
CC_3161, CC_3336, CC_3436, CC_3461, CC_3500

ABC
transporters

CC_0188, CC_0290, CC_0291, CC_0292, CC_0305,
CC_0328, CC_0329, CC_0361, CC_0362, CC_0363,
CC_0449, CC_0538, CC_0609, CC_0610, CC_0611,
CC_0634, CC_0635, CC_0684, CC_0760, CC_0761,
CC_0838, CC_0860, CC_0861, CC_0932, CC_0998,
CC_1147, CC_1191, CC_1192, CC_1193, CC_1276,
CC_1314, CC_1439, CC_1440, CC_1441, CC_1515,
CC_1518, CC_1596, CC_1597, CC_1598, CC_1698,
CC_1759, CC_1831, CC_1832, CC_1833, CC_1862,
CC_1929, CC_2091, CC_2148, CC_2244, CC_2318,
CC_2319, CC_2320, CC_2587, CC_2590, CC_2631,
CC_2634, CC_2635, CC_2668, CC_2669, CC_2881,
CC_2981, CC_3134, CC_3135, CC_3136, CC_3137,
CC_3274, CC_3279, CC_3280, CC_3299, CC_3372,
CC_3373, CC_3566, CC_3600, CC_3694, CC_3695,
CC_3696
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